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ABSTRACT Like the B-turns, which are charac-
terized by a limiting distance between residues two
positions apart (i, i+3), a distance criterion (involv-
ing residues at positions i and i+4) is used here to
identify a-turns from a database of known protein
structures. At least 15 classes of a-turns have been
enumerated based on the location in the ¢,s space
of the three central residues (i+1 to i+3)—one of the
major being the class AAA, where the residues oc-
cupy the conventional helical backbone torsion
angles. However, moving towards the C-terminal
end of the turn, there is a shift in the ¢,y angles
towards more negative ¢, such that the electrostatic
repulsion between two consecutive carbonyl oxy-
gen atoms is reduced. Except for the last position
(i+4), there is not much similarity in residue compo-
sition at different positions of hydrogen and non-
hydrogen bonded AAA turns. The presence or ab-
sence of Pro at i+1 position of a- and B-turns has a
bearing on whether the turn is hydrogen-bonded or
without a hydrogen bond. In the tertiary structure,
a-turns are more likely to be found in B-hairpin
loops. The residue composition at the beginning of
the hydrogen bonded AAA oa-turn has similarity
with type I B-turn and N-terminal positions of heli-
ces, but the last position matches with the C-
terminal capping position of helices, suggesting
that the existence of a “helix cap signal” at i+4
position prevents a-turns from growing into helices.
Our results also provide new insights into «-helix
nucleation and folding. Proteins 2004;55:305-315.
© 2004 Wiley-Liss, Inc.
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INTRODUCTION

Of all the structural elements in proteins, loops pose the
maximum problem for a systematic categorization,'~®
though they are often parts of active sites® and an under-
standing of the determinants of their conformations is of
intrinsic interest. The first loop conformations to be identi-
fied were three categories of four-residue B-turns.’® This
classification was subsequently extended and updated by
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several workers.''” Though it is possible to assign a class
to a four-residue stretch of a polypeptide chain, the
problem is rather complicated as the majority of the turns
do not occur in isolation, but are in tandem with at least
one residue in common between two consecutive turns.®
There has not been any systematic study to delineate such
multiple B-turns. Beyond B-turn, there is five-residue
a-turn (Fig. 1), but as in the case of earlier studies on
B-turns,'® the criterion used to identify them (which are
not part of an a-helix) is the existence of a hydrogen bond
between the backbone carbonyl oxygen of residue i and the
amide proton of residue i+4.'%° Subsequently, the defini-
tion of B-turn was enlarged to also include non-hydrogen-
bonded turn, the main condition being a distance of less
than 7 A between the two terminal C* atoms.’>'® In a
similar fashion, here we enlarge the definition of a-turns
by using a limiting distance (optimized from an analysis of
hydrogen-bonded a-turns) between the C* atoms of resi-
dues i and i+4, and show that many of the multiple
B-turns are indeed different classes of a-turns.

Helices, sheets, and turns are three types of secondary
structures with their characteristic pattern of backbone
torsion angles and hydrogen bonding, and a large number
of studies have been aimed at understanding them as
distinct entities.?° However, the occurrence of prion dis-
eases has highlighted the importance of the interconver-
sion between secondary structural elements.?! Even to
understand the structural changes that take place as the
polypeptide chain moves along the folding pathway, it is
important to find the common thread linking the sequence
and structural patterns in various secondary structural
elements. Along this line we have recently shown that the
extension of different types of B-turns can lead to variants
of 3,,-helices®® and the sequence in type I B-turns has
considerable similarity to the N-terminal region of 3;,-
and a-helices, indicating that the early nucleation event
for the formation of an «-helix can indeed be a B-turn,
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Fig. 1. Schematic representations and the convention to label each

position in a-turn and o-helix, with the DSSP notation for these two
secondary structures (T and H, respectively) given in parentheses. As the
a-helix is of length 4, each position is shown to have two different labels
(for example, N1 and C4) counting from the two capping residues (Nc and
Cc) at two ends; but for typical helices with length = 8, the labels are
distinct. If the two consecutive 5 — 1 hydrogen bonds are shortened to the
4 — 1 type, the a-helix is converted to a 3,,-helix; a similar structural
change will make a B-turn out of an a-turn.

which on extension at the C-terminal end leads to a
3,0-helix intermediate, followed by further extension and
rearrangement to a-helix.?® In this context, we would also
like to know if a-turns bear any resemblance—in sequence
and structure—to B-turns and the N-terminal region of
helices. Moreover, the location of a-turns in the tertiary
structures would be analyzed.

MATERIALS AND METHODS

Atomic coordinates were obtained from the Protein Data
Bank (PDB) at the Research Collaboratory for Structural
Bioinformatics (RCSB).%* Five hundred and fifty-five (555)
chains (in 531 files) were selected using PDB_SELECT?*
from PDB files (as of April, 2002) with an R-factor < 20%,
and resolution of < 2.0 A and sequence identity less than
25%. Secondary structure assignments were made using
the DSSP program.?® Hydrogen-bonded a-turns were iden-
tified as a stretch of five residues, such that the three
central residues were not helical (G or H, for 3,,- and
a-helices, respectively, according to DSSP notation). The
residues in the “4-turn” (the hydrogen bond is between
residuesiandi+4) are marked as “>444<,” where “>” and
“<”indicate the positions that contribute the carbonyl and
NH groups to the hydrogen bond, respectively (the symbols
may be replaced by “X” if both the CO and NH groups of a
given residue participate in separate hydrogen bonds).

The conventions for labeling residues when they are
part of a-turn and a-helix are shown in Figure 1. While i
through i+4 represent the positions in an «a-turn, the
nomenclature for helices and their flanking residues is as
follows:

...N2"-N1"-Nc-N1-N2-N3-
.-C3-C2-C1-Cc-C1'-C2' ...

where N1 through C1 belong to helix proper, Nc and Cc
represent helix capping positions, while the primed resi-
dues represents residues preceding and succeeding the
helix. (As a 4-residue helix has been shown in Figure 1, the
labels N1 and C4, N2 and C3, etc., indicate the same
position). The propensity of a given residue to occur at a
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particular location in a secondary structure was calculated
as the ratio of the actual number of observations to the
expected number of observations, as elaborated in Pal et
al.?2 For each amino acid at a specific position in a-turns
and other secondary structural elements, a z-value was
calculated. Tables of the number of occurrences of each
residue at individual positions of different classes of turns,
the propensity and z-values, etc., are provided as supple-
mentary material, as are the correlation coefficients of the
comparison of the residue composition between different
secondary structural elements. A PDB file is mentioned in
the text as the four letter PDB code (in small letter).

RESULTS
Identification of a-Turns

Five hundred and ninety-one (591) hydrogen-bonded
a-turns were identified by the program, DSSP, of which
439 were in the conformation AAA (discussed in the next
section) (Table I). This is an improvement over the num-
bers (5018 and 356'°), observed in earlier studies. The
average distance between the C* positions of residues i
and i+4 for the a-turns identified by DSSP was found to be
5.7 (+0.7) A. As B-turns are normally identified using a
distance criterion'® and not by the presence of hydrogen
bonds, we also used a distance less than 6.5 A (at one-
sigma level, found above) between the C* positions of i/i+4
pair, such that residues i through i+3 are not part of any
helix, to identify a-turns. This search resulted in 3725
a-turns. Though there were examples of overlapping
a-turns, each was counted independently.

Classification of a-Turns From the Distribution of
&, Angles

The distributions of ¢,y angles for the three positions in
the a-turn are presented in Figure 2. To identify what
combination of torsion angles constitute different types of
a-turn, it was necessary to divide the Ramachandran plot
into distinct regions.?” Taking the distribution into ac-
count the ¢,y space has been split into rectangular do-
mains and their nomenclature is provided in Figure 3.
This in general follows the work of Efimov?® and Rooman
et al.,?? though for the ease of computation we have used
rectangular shapes. If the distribution of points is suffi-
ciently narrow and restricted to a smaller portion of the
broad extended (E) and helical (A) regions, the latter were
further divided into sub-regions (B and P, R and G,
respectively). No sub-region could be used for the last (i+3)
position, indicating a more diffused nature of the distribu-
tion, which can also be inferred from the higher standard
deviations on the average &, values for this position as
compared to those at the preceding two positions (Table I).
It was not possible to split A into sub-regions in any of the
three positions. Using a label corresponding to a ¢, region
at a given position, a three-letter code was used to desig-
nate the conformational features of various a-turns. Fif-
teen major classes containing ~80% of all «-turns are
shown in Table I.

While AAA is overwhelmingly the main class of hydro-
gen-bonded a-turns identified by DSSP, PAA is almost
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Fig. 2. The distribution of ¢, angles (degrees) for residues (i+1, i+2,
i+3) in a-turns.
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Fig. 3. The delineation of the ¢, space into different regions (with
their labels) encompassing the clusters of points in Figure 2. The labels
are in captial letters when ¢ is negative, while the centrosymmetrically-
related regions are labeled in small letters. It may be noted that the
symmetry-related regions are not necessarily of the same size, which has
been adjusted to encompass the cluster of points. The regions are as
follows: “E,” extended conformation, which is further divided into “B”
(largely observed in B-strands) and “P” (mainly associated with polyproline-
like helices, but also observed in B-strands); “A,” helical conformation,
containing “R,” right-handed «-helical region, “G,” where the C-terminal
residues in 3,,-helix are observed®'?? and some outlying regions; and
“D,” the region bridging the above two. As the distribution of points did not
warrant it, “A” has not been split into sub-regions, but “a” has been.

equally populated when turns are identified based on
end-to-end distance. Hydrogen-bonded turns are quite
rare (25 out of 506) in PAA, while these are found more
(390, as opposed to 206, which are not hydrogen-bonded) in
AAA. The number of hydrogen-bonded turns (in AAA) is
slightly less than those identified by DSSP (439), as some
of the a-turns had end-to-end distance larger than 6.5 A
and were thus not picked up when distance was the
criterion for selection. All calculations on hydrogen-
bonded a-turns are based on 390 cases identified above. As
for hydrogen bonds in other classes, they are very rare,
with no example being found in Bra, PPa, rgE, BpA, pAE,
and AAe. For comparison, we also identified type I B-turns
following the normal procedure and found that the num-
bers of hydrogen-bonded and non-hydrogen bonded cases
are much more equitable (1946 and 1436, respectively, out
of a total of 3382).

Shift in Backbone Torsion Angles Along the
Residues in a-Turns

There is a systematic variation of the backbone torsion
angle ¢ as one moves along the three central residues
(from N- to C-termini) of class AAA, such that between the
positions i+1 and i+3, ¢ is changed by —36° (Table I). A
similar shift was also observed in the last three positions of
310-helices. ¥ also tends to change, but to a much smaller
extent (+13°). If one constructs two models, one for an
“ideal” a-turn with classical helical ¢, angles and another
for the “real” a-turn with the average ¢, values observed,
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(b} TABLE II. Multiple -Turns as Part of a-Turns
437A :’ ; ;, o-Turn Multiple B-turns
SF ::iﬁl I; Designation Number Designation® Number®
W BN 4 AAA 596 LI 586 (3)
/AR AT™ PAA 506 VIal-I 32(29)
4 ; AAa 402 8
% 7 AAE 239 L-VIII 69(3)
o= P Bra 238 XTI 220
‘t-% BAA 226 5(6)
i+l gﬁ! PPa 205 0
AAD 108 I-VIII 106
rgE 90 0
BpA 75 X-II' 26
PAE 63 3
BPa 60 1(1)
AAe 58 2
PgA 59 I1-X 59
pAA 51 X-I 17

Fig. 4. Molecular diagrams of (a) an “ideal” a-turn constructed with the
ideal helical ¢, angles (—65°, —40°) at positions i+1 to i+3 and (b) a
“real” a-turn with the average &¢,§ angles given in Table | (left half,
category AAA). The two flanking residues have the ¢.{s angles observed
when the turn is part of a B-hairpin (Table lll). (c) The superposition of (a)
and (b) using C* atoms of the three turn residues. Two sets of O...0O
distances are shown in (a) and (b).

changing the ideal to the real structure has the effect of
increasing O. . .O distances, especially the one involving
i+2 and i+3 (Fig. 4), which would reduce the electrostatic
repulsion between them. The ¢,y angles of the turn
residues are very similar even when there is hydrogen
bonding (Table I, footnote b), as the change in ¢, angles at
i+3 does not significantly affect the hydrogen bond geom-
etry (the average values in all the structures: the N...O
distance, 3.15 Aand N-H.. .0 angle, 135°). If one were to
consider an a-helix passing through i+1 and i+2, the ¢,
angles at i+3 would make its carbonyl group splay out of
the helix, like what is actually observed at the C-termini of
310-helix. The reduction of the electrostatic repulsion
between two consecutive carbonyl groups should be a
general phenomenon, as in all the classes in Table I where
there are two consecutive AA conformations the ¢, angles
of the second residue show the shift in the same direction
relative to the first. Interestingly, when ¢ is in the positive
region for two consecutive residues (in classes Bra and
rgE), the trend observed is just the opposite.

Multiple B-Turns as a-Turns

To find out if two consecutive B-turns can comprise an
a-turn, we examined if the distances between i and i+3,
and i+1 and i+4 positions in all a-turns are simulta-
neously within 7 A. Results presented in Table II indicate
that 38% of major a-turns are indeed made up of overlap-

2The types of two overlapping B-turns are indicated (separated by a
hyphen) when there are at least 10 cases. X indicates B-turns not
categorized earlier.'®

POut of a total given in column 2. The number in parentheses
corresponds to those with a cis peptide bond. In all the cases of PAA
and five out of six cases of BAA the cis peptide is between residues i+1
and i+2.

ping B-turns; however, the type of some of these turns do
not match with earlier classifications.'® Considering indi-
vidual classes, all the 59 members of PgA represent
multiple B-turns, while it is 98% for AAA, 92% for Bra, and
98% for AAD. On the other hand, none in PPa or rgE, and
only a small fraction of PAA (6%) and AAa (2%) contain
two B-turns within them.

Comparison of Residue Composition in Hydrogen-
Bonded and Non-Hydrogen-Bonded a-Turns

As AAA o-turns can be both hydrogen-bonded or non-
hydrogen-bonded we examined if there is any similarity in
the types of residues that are found across them by finding
out the correlation coefficients of the percentage composi-
tion of residues at each position of the two categories of
a-turns (Fig. 5). The correlation is very strong (0.88) at the
i+4 position, fairly high (range, 0.70—0.80) at i+2 and i+3
positions and rather weak at the first two positions. This
difference prompted us to investigate how similar is the
residue composition in hydrogen-bonded and non-hydrogen-
bonded B-turns of type I (which is the most highly popu-
lated B-turn and has backbone conformation quite akin to
AAA a-turn). The resemblance between the two categories
is more striking except at the i+1 position, for which the
correlation coefficient is 0.56.

The residues in the two major classes of a-turns, AAA
and PAA, were also compared. As the conformational
angles are in the same region, one might assume that the
composition of residues at i+2 and i+3 positions would be
similar. Contrary to this, Figure 5 indicates that the only
equivalent position where the correlation coefficient is
high (0.90) is i+4. There is no obvious trend in other
positions. Thus except for the last position, there may not
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a)
AAA (non-HBE) b)
p-turn (non-HE)
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Fig.5. Color-coded correlation coefficients of percentage composition

of amino acids at different positions of (a) hydrogen-bonded and non-
hydrogen-bonded a-turns in class AAA; (b) hydrogen-bonded and non-
hydrogen-bonded type | B-turns; (c) a-turns of classes AAA and PAA
(both inclusive of hydrogen-bonded, as well as non-hydrogen-bonded
cases). The color code is shown at the end.
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Fig. 6. Histogram of residue propensities at different positions in

hydrogen-bonded and non-hydrogen-bonded (a) a-turns in class AAA,
and (b) type | B-turns, position i+1.
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Fig. 7. Correlation coefficient of percentage composition of amino
acids at different positions of hydrogen-bonded or non-hydrogen-bonded
a-turnin class AAA and those in (a) type | B turn, (b, ¢) N- and C-termini of
a-helix and (d, e) N- and C-termini of 3,,-helix. The color code is
explained in Figure 5. B-turns include both hydrogen-bonded, as well as

non-hydrogen-bonded cases.

be easily comprehensible trend in residue composition at

other positions between different classes of a-turns.

Propensities of Residues to be in a-Turns

As the compositions of residues in hydrogen-bonded and
non-hydrogen-bonded AAA a-turns are quite different at
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positions i and i+1 (Fig. 5), it is of interest to find out what
residues have different propensities to occur in these two
categories of turns [Fig. 6(a)]. Asn, Asp, Cys and His are
highly favored at positions i, Pro at i+1 in hydrogen-
bonded turns. Non-hydrogen-bonded turns have more of
hydrophobic residues (Phe and Trp) at positions i and i+4
and these may provide hydrophobic interactions across the
turn (as observed in the shortest helices?3), stabilizing it.
Trp also has rather high propensities at i+2 and i+3, and
for the latter position there also exists more hydrophobic
interactions across the turn.

Correlation of Residue Composition in a-Turns
With Those in Other Secondary Structures

AAA o-turn, type I B-turn and terminal turns in 3,,- and
a-helices all have the constituent residues occupy the
same region in the ¢, space (Fig. 3) and it is of interest to
see if the residue compositions at different positions are
similar across these secondary structural elements. For
a-turns, the hydrogen-bonded and non-hydrogen-bonded
categories were considered separately (left and right pan-
els in Fig. 7), but there is no resemblance except when the
i+4 position is compared with the i+3 position of B-turn
[Fig. 7(a)] or Cc of a-helix [Fig. 7(c)]. The similarity at the
last position is not surprising as the two categories of AAA
turns show the strongest similarity at this position [Fig.
5(a)]. Considering the hydrogen-bonded AAA «-turns, there
is almost sequential match with type I B-turn, such that
a-turns may be deemed to be B-turns with an extra residue
inserted after the i+2 position. Residue compositions at
three consecutive positions in a-turn also match with the
N-terminal region of «-helix, the last position matching
with the Cc position at the other end of the helix [Fig. 7(b,
¢)]—i+3 is the only position which does not match with the
helical positions considered here. Though slightly weaker
as compared to a-helix, the N-terminal region of 3,,-helix
shows a very similar trend. Though a bit confusing at the
first glance, the C-terminal end of 3;,-helices essentially
reproduces what has been found at the N-terminal end
[Fig. 7(d,e)]; as most of the 3;,-helices are three residues
long,?® N1 and C3, N2 and C2, and N3 and C1 indicate the
same positions.

The positions i+4 of a-turn, i+3 of B-turn and Cc of
a-helix has very similar composition. The propensities of
residues to occur at these positions are plotted together in
Figure 8. The distribution is quite similar and character-
ized by very high occurrence of Gly and absence of Pro.
Residues such as Asn, His, and Lys have high propensities
to occur, especially in a-turn and «-helix.

Secondary Structures Around a-Turns

The patterns of secondary structural elements on either
side of the a-turns were investigated. The most consistent
feature across all the classes is the occurrence of a-turns in
the loop region?®3° between two antiparallel B-strands, or
B-hairpins. Though various types of B-hairpins are pos-
sible the most consistent patterns in each class are given
in Table III. While only 13% of conventional a-turns (in
AAA) follow this pattern, the percentage increases with

Al

5 | Dot it4) |
| 0 et (43

285 4

a0 : i o-helix Ce
L]
ig

Mkl 1

ALA ARG ASN ASP CYS GLN GLU GLY HIS TLE LEU L¥S MET PII}L-HH:I SER THR TRF TYR VAL

PR R

Fig. 8. Histogram of residue propensities at the last position of AAA
a-turn (hydrogen-bonded), type | B-turn (all structures) and the Cc postion
of a-helix.

the classes (such as Bra, rgE, and pAE), which are
populated to a lesser extent. However, with many of these
either the position i+1 or i+3 becomes a part of the
B-strand. In Figure 9 all the structures in some representa-
tive classes are superimposed. Though only two residues
on each side were used for the least-square fit, the struc-
tural match for the central residues is quite remarkable,
suggesting that all the structures have the same B-hairpin
motif. The motifs have also been classified following the
convention of Sibanda et al.?° (Table III) and some indi-
vidual structures, along with the hydrogen bond pattern
used in the classification, are shown in Figure 9.

Residue Preferences in a-Turns Forming p-Hairpin
Loops

As different combinations of conformational angles are
involved in the a-turns that are part of B-hairpins, it is of
interest to see if there exists any pattern in the most
common residues observed at different positions within
these turns. When the turn is defined by two or more
consecutive residues in the A conformation (Fig. 3) the first
residue with this conformation (i.e., i+1 in AAA and AAa,
i+2 in PAA) has a preponderance of Pro, which is usually
absent in the other positions (Table IV). When there are
two consecutive residues in the right half of the ¢, plot (as
in the classes Bra and rgE) (Fig. 3), the first residue (i+2
and i+1, respectively, in the two classes) is usually Asp or
Asn, with Gly occupying the second position. Interestingly,
concomitant with this change in the residue type there is a
change in the ¢, angles of the two residues (as mentioned
in the section on the shift in backbone torsion angles).

DISCUSSION
Identification of a-Turns and Their Conformational
Features

a-turns are conventionally defined as five consecutive
residues (i, to i+4) which are not part of an «-helix, but
still have a hydrogen bond connecting positions i and i+4
(Fig. 1).'®'° Based on the average distance observed in
these turns, here we use a limiting distance of 6.5 A
between the C* coordinates of the terminal residues to
identify 3725 of a-turns in a database of known protein
structures. Based on the ¢,y angles at the three central
positions (Fig. 2), these have been grouped in 15 major
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TABLE III. Most Common Secondary Structure Involving Different Types of o-Turns and Their Immediate Neighbors®

Secondary structures at positions®

Turn® i—-1 i i+1 i+2 i+3 i+4 i+5 Number Percentage®
AAA (4:4) E E T T T T E 75 13
PAAY(T7) E E C T T S C 99 20
AAa (7:7) E C T T S C E 96 24
AAE (4:6) E C S S C E E 19 8
Bra (2:2) E E E T T E E 168 71
BAA (2:2) E E E T T E E 39 17
PPa E E C T T C E 24 12
rgk (2:2) E E T T E E E 57 65
E E T T E E C 12 13
BpA (2:2) E E E T T E E 49 65
PAE (2:2) E E T T E E E 50 79
BPa (2:2) E E E T T E E 10 17
AAe (2:2) E E T T E E E 20 35

"The combination of secondary structural elements with the highest member of occurrence (if >5) is shown. If there are other combinations
constituting >10% of cases in a given turn type, these are also presented. There is no entry for the three types of a-turns, AAD, PgA and pAA.
2Except PPa, the other a-turns are part of a B-hairpin structure and the nomenclature®® is provided in parentheses.

»As depicted by DSSP: E, B-strands; T, hydrogen bonded turn; S, bend; C, no regular structure.

°Based on the number observed with the given combination of secondary structures (given in the previous column) relative the total number in the

class.
dResidues ati + 6 and i + 7 have the structure E.

classes (Table I). The population of various classes varies
depending on the presence or absence of hydrogen bonds
between the main-chain atoms of terminal positions (i,i+4).
While AAA (where the individual letters correspond to the
region of the ¢, space occupied by residues, i+1 to i+3
(Fig. 3)—all in the a-helical region in the present case) is
the most conspicuous group when there is hydrogen bond-
ing, PAA is as populated when non-hydrogen-bonded turns
are also considered.

There is a systematic shift in the ¢,Js angles of residues
as one moves from position i+1 to i+3, with ¢ changing by
as much as —36° (Table I), the reason for which is likely to
be electrostatics, as the O. . .O distance gets progressively
longer, especially between the last two positions (Fig. 4). In
fact, the shift in the torsion angles seem to be the general
trend in all the classes when there are two consecutive
residues with the AA conformation. When ¢ is in the
positive region for two consecutive residues (classes Bra
and rgE), the shift is the opposite (such as a more positive
), but interestingly, along with the shift in torsion angles
one also observes the presence of different types of resi-
dues at the two positions—the first residue is usually Asp
or Asn and the second, Gly (Table IV). This is a unique
example, where two residues in the sequence can bring
about a systematic change in the local backbone geometry.

B-Turns usually occur in tandem and it is rather difficult
to characterize the overlapping turns systematically.'®
However, when defined from the distance criterion, many
multiple B-turns can be considered a-turns. Table II
indicates that 38% of a-turns (and almost all in classes
AAA, Bra and PgA) encompass overlapping B-turns.

a-Turns in the Context of Protein Tertiary
Structure

The most common structural motif where a-turns are
found is B-hairpin (Table III, Fig. 9). Such structures have

been understood from an analysis of the loop region
spanning the strands.®° As only B-turns were used to
characterize the conformation, loop length beyond two
residues could not be properly included. By using a-turns
as a basic structural unit, a larger number of B-hairpin
loops become amenable to conformational characteriza-
tion.

Difference in Residue Composition in Hydrogen-
Bonded and Non-Hydrogen-Bonded «- and -turns

B-turns are identified based on close distance between i
and i+3 positions, irrespective of whether there is any
hydrogen-bond linking them, and propensities of residues
to occur at various positions of the turn have been calcu-
lated.'® It is however pertinent to ask if residues in the
turn have no influence on the occurrence of the hydrogen-
bond. Though there are strong similarities in the residue
composition at all other positions, results in Fig. 5 indicate
that at i+1 it is quite different depending on the presence
or absence of hydrogen bonding. The propensity of Pro to
occur at this position for hydrogen-bonded turn is very
high (5.29) [Fig. 6(b)]. As the a-turn is longer by one
residue, the effect that a particular residue may exert on
the existence of a hydrogen bond linking the terminal
residues should be lesser. As it turns out, the correlation
coefficients are rather poor at i and i+1 positions between
the hydrogen-bonded and non-hydrogen-bonded cases, but
even here Pro seems to be the favored residue at the i+1
position in the former category [Fig. 6(a)l. As to why Pro
should have such an effect, it not only imparts conforma-
tional restriction on its own position, but also on the
preceding position, which has a marked preference to
occur in the B region.®! Additionally, depending on the
presence of an aromatic residue on a neighboring location,
there could also be stacking interaction with the proline
residue,®2 which would also reduce the structural fluctua-
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TABLE IV. Residue Preference in the a-Turn Region
of B-Hairpin Motifs Shown in Figure 9.

Residues® at positions

Turn i+1 i+2 i+3

AAA  P(20),A(15) E @1, [P] T (23), K(20), [P]
PAA D(@B1),N12),[Pl P(19),A15) D39),N17),[P]
AAa  P(21),A(14) D(43),N(16), [Pl G(85)

Bra V(17),1(12),[P] N(24),D(23) G (73),D(9)

rgE  D(28),N(19) G(95) K (32), [P]

2The number of occurrence of each residue was noted; if the two
highest values were > 10, these residues are reported (with the
percentage occurrence in parentheses). If Pro is absent in a position
(with a negative ¢ value) it is shown in square bracket.

tion of the peptide segment, leaving the terminal residues
to explore various conformational possibilities and arrive
at the one amenable to the formation of the hydrogen bond.

Resemblance of a-Turn With That of B-Turn and
Different Positions of Helices, and Implications in
Helix Folding

A comparison of the amino acid compositions at consecu-
tive positions between two secondary structural elements,
such B-turns, 3;,- and a-helices provided important in-
sight into helix folding,?®> where the absence of a large
enough database ruled out the inclusion of a-turns. The
identification of a much larger number of a-turns in the
present study offered us an opportunity and these, sepa-
rated into hydrogen- and non-hydrogen-bonded categories
could be compared (Fig. 7). An interesting trend was
observed for the former. Based on residue usage one can
suggest that B-turn, on incorporation of a residue after the
i+2 position, becomes an a-turn. The similarity is quite
strong between the first three positions of a-turn and
positions Nc to N2 of «-helix, while the last position
matches with Cc, indicating that the presence of a “helix
C-capping signal” at the i+4 position may prevent the
a-turn from growing into an «-helix. The similarity ex-
tends to 3;,-helix also, though it gets weaker, as due to the
shortness of 3,,-helices®® the N- and C-terminal ends

Fig. 9. Pair of diagrams showing major types of a-turns when they
constitute B-hairpin motif. On left are superpositions of all the structures
under a given class as mentioned in Table Ill. A model was first
constructed with the average ¢,ls angles for all the structures and the
individual structures were then superimposed onto this using the C*-
positions of the four terminal residues (i—1, i, i+4, and i+5). On right, one
typical example is shown: the strands are in cartoon representation, the
backbone atoms in the loop are in ball-and-stick (with those in a-turn in
black), N atoms are darker than the O atoms, the hydrogen bonds
indicative of the type of B-hairpin loop are in dashed line. The residues in
the a-turn and the two residues in B-strands involved in the first set of
hydrogen bonding are labeled (one letter residue name, followed by
residue number); in (b) and (c) residues in the loop region involved in a
hydrogen bond and the two terminal residues (not hydrogen-bonded) in
the strands are also labeled. The PDB codes and protein names are: (a)
1ayl, phosphoenolpyruvate carboxykinase; (b) 1ads, aldose reductase;
(c) 1jk7, serine/threonine protein phosphatase PP1-gamma; (d) 1b65,
aminopeptidase, and (e) 1b6a, methionine aminopeptidase. The superim-
position was done using the “Biopolymer” module of Insightll (Accelrys
Inc., San Diego) and the molecular diagrams were generated using
MOLSCRIPT.#!
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Fig. 10. A schematic description of helix nucleation and propagation
in proteins. Broken lines indicate potential hydrogen bonds, but whose
presence is not essential; solid lines represent hydrogen bonds (re-
quired). Shaded residues indicate that the backbone angles are re-
stricted; as long 3,,-helices form rarely, the arrow between 4-length
3,0-and longer 3,4-helices is thinner to show that the path is less probable.

overlap and these therefore leave a less definite impres-
sion on the residue composition. Interestingly, the last
positions of a-helix, a- and B-turns have similar residue
composition. This can also be seen in the distributions of
propensities of residues to occur at these positions (Fig. 8).

Based on the above results we may propose an alterna-
tive hypothesis on helix-nucleation.?>3* We earlier pro-
posed that B-turn, 3- and 4-length 3,,-helices are interme-
diates during the formation of a-helix, while a-turns (as
the literature did not indicate the existence of many of
these in protein structures) are off the pathway.?®> Now
that we find that a-turns exist in reasonable numbers
(especially if we remove the condition of hydrogen bonding
to define them), we suggest that there may be an alterna-
tive (or parallel) pathway with an a-turn as an intermedi-
ate. As proposed earlier,?® the N-terminal end of the helix
first starts as a B-turn, one residue extension of which
leads to two overlapping B-turns. As most of the a-turns
(class AAA) are also simultaneously overlapping B-turns
also (Table II), the above structure can rearrange to an
a-turn. As the composition similarity between a-turn and
310-helix is substantial, the rearrangement can also pass
through a 3,,-helix.

The proposed scheme, shown in Figure 10, is consistent
with long time molecular simulation results on polyala-
nine. Huo and Straub®® carefully computed and analyzed
several coil-helix transition pathways and showed that 1)
localized 1, i+3 hydrogen-bonded turns appear during the
early stages of folding (nucleation), and, 2) a 3;,-helix
intermediate (three or more consecutive i, i+3 hydrogen
bonds) is not a necessary requirement for subsequent helix

B. DASGUPTA ET AL.

propagation (not observed for eight out of eighteen trajecto-
ries), instead, often short a-helical stretches appear with-
out a 3;,-helical intermediate or through mixed (3;,-/ «-)
intermediates. Other molecular dynamics,>® as well as
Monte Carlo simulations®” also indicate that the nucle-
ation of a-helical segments can occur by several different
mechanisms, the development of an initial B-turn into an
a-turn being one of them. These observations are consis-
tent with Figure 10 with respect to the helix nucleation
(B-turn) and subsequent parallel pathways for helix propa-
gation. An experimental observation involving the crystal
structure and packing of terminally blocked Val-Ser dipep-
tide®® is also pertinent here. The structure of t-Boc-Val-Ser-
NHDMe shows an ideal type I B-turn backbone but lacks the
typical intra-molecular i, i+3 hydrogen bond. Instead, it
participates in inter-molecular hydrogen-bond network
more typical of a-helix, demonstrating the ease with which
a stretch of backbone, defined by characteristic B-turn
dihedral angles, can participate in «-helical hydrogen-
bonded network. Essentially this suggests the possibility
of a-helix formation directly from B-turns, without any
need of 3;,-helix intermediates. We also arrived at similar
conclusions from similarity of residue composition, as
proposed in Figure 10.

In conclusion, in this paper we identify and use back-
bone torsion angles to characterize various types of a-turns.
The presence of Pro (at position i+ 1) seems to contribute to
the existence of a hydrogen bond linking the two terminal
positions of both a- and B-turns. There have been attempts
to identify sequence motifs that are predictive for the type
of secondary structures they are located in.>® Here we take
a rather contra perspective to show the similarity of the
residue composition across secondary structures, viz. in
consecutive positions of a-turns with those in B-turns and
helices, an observation that should be useful in our under-
standing of the protein folding problem, especially the
nucleation of a-helix. The sequence and conformational
features of a-turns should be useful in the prediction of
such structures in proteins.*°
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