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Abstract Poly-(Ala) and poly-(Gln) peptides have impor-
tant biological effects, and can cause various human
illnesses and neurodegenerative diseases. Conformational
analysis of these homo-oligopeptides (HOPs) was carried
out by simulated annealing in order to identify their
structural properties regarding secondary structures and
intramolecular H-bonding patterns. Poly-(Ala) and poly-
(GIn) peptides composed of 7, 10, 14 or 20 amino acids
were modelled in both charged and terminally blocked
forms. In the case of conformers derived from simulated
annealing calculations, the presence of various secondary
structural elements (different types of 3-turns, x-helix, 3;¢-
helix, poly-proline II helix, parallel and antiparallel (3-
strands) was investigated. Moreover, the intramolecular
H-bonding patterns formed either between the backbone
atoms for both HOPs or between the backbone and side-
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chain atoms for the poly-(Gln) peptides were examined.
Our results showed that different secondary structural
elements (type I and type III (-turns, oc-helix, 3;¢-helix,
antiparallel (3-strand) could be observed in both poly-(Ala)
and poly-(Gln) peptides and, according to their presence,
characteristic H-bonding patterns formed mainly by i«—i+3
and i«—i+4 H-bonds could be found.

Keywords Homo-oligopeptides - Polyalanine -
Polyglutamine - Secondary structure - Intramolecular H-bond

Introduction

Homo-oligopeptides (HOPs) are multimers of the same
amino acid. The peptides poly-(Ala) and poly-(Gln) are
probably the best known representatives of HOPs because
they possess important biological effects, and can cause
various human illnesses, playing a relevant role in the
formation of several neurodegenerative diseases [1-3].
Therefore, detailed structural investigation of poly-(Ala)
and poly-(Gln) peptides is important in order to identify
their conformational properties, which can help in under-
standing the mechanisms underlying these human illnesses
and neurodegenerative diseases.

Several experimental and theoretical studies have been
performed so far to examine the structural features of poly-
(Ala) and poly-(Gln) peptides as well as their derivatives.
However, to determine the conformational properties of
these molecules experimentally is a challenging task,
because both of them are quite insoluble in water, and this
insolubility leads to the aggregation of these HOPs. On the
basis of previous experimental and theoretical studies,
various structures have been proposed for both poly-(Ala)
and poly-(Gln) peptides.
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Alanine is well-known to have a high propensity to form
helical structures, especially «-helix. In accordance with this
observation, «-helix was found to be the characteristic
structure corresponding to the global minimum for Ace-
(Ala),-NMe peptides, where n=8, 12, 16, or 19 [4-6].
Furthermore, based on the results of molecular dynamics
simulations, predominantly o-helical conformation was
observed in the case of poly-(Ala) peptides consisting of
15 or 20 residues [7-9]. Beside the «-helical structure,
experimental investigations performed on Ala-based pep-
tides suggested that 3;-helix could be formed in these
molecules, especially at the N- and C-terminal ends [10-12].
Moreover, the coexistence of both «- and 3;y-helical forms
was proposed in the case of short Ala-based peptides [11].
The third helical structure observed for both poly-(Ala) and
Ala-based peptides by experimental [13, 14] and theoretical
[15, 16] investigations is the poly-proline I (PPII) helix.
Molecular dynamics calculations pointed out the coexistence
of «- and PPII helical conformations for the Ace-(Ala),;-
NMe peptide [17]. However, not only helical structures have
been found for poly-(Ala) peptides. Theoretical studies
revealed that for the poly-(Ala) composed of 12 amino
acids, the stable state was «-helix in vacuum, while this
helical conformation was destabilised in aqueous medium,
in which the p-structure became the stable state [18].

Similarly to poly-(Ala) peptides, various structures have
also been suggested for poly-(GIn) molecules [19]. Based on
the results of experimental and theoretical investigations, a
predominantly random coil or unordered conformation was
observed for poly-(Gln) and Gln-based peptides of different
lengths [20-22]. In addition, in the case of a peptide com-
posed of 15 Gln residues, a [3-structure made of antiparallel
[3-strands was proposed [23], in which the monomers formed
hairpins stabilized by H-bonds. Similar observations were
made for the poly-(Gln),, peptide and Gln-based molecules
possessing histidine amino acids [24]. Finally, a helical
conformation with 20 amino acids per turn, which was called
[-helix, was also suggested in the case of poly-(Gln)
peptides consisting of more than 3540 residues [25, 26].

As mentioned above, poly-(Ala) and poly-(Gln) peptides
are known to cause a variety of human illnesses and
neurodegenerative diseases. Therefore, the aims of our
study were to perform conformational analysis and detailed
structural investigation focusing on the secondary structural
elements and the intramolecular H-bonding patterns of the
charged and blocked forms of poly-(Ala) and poly-(Gln)
peptides consisting of 7, 10, 14 or 20 residues.

Methods

For the conformational analysis of poly-(Ala), and poly-
(Gln),, peptides of different lengths (n=7, 10, 14 and 20),
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simulated annealing (SA) calculations were carried out
using AMBER 9 software [27]. In the case of SA
simulations, the AMBER 99 force field [28] and the
Generalized Born (GB) solvent model (i.e. the Hawkins,
Cramer, Truhlar pairwise GB model) [29, 30] were used,
and no cut-off was applied for the non-bonding interactions.
The SA protocol applied to explore the conformational
space of HOPs was the following. Each SA procedure was
started from a structure characterised by an extended peptide
backbone, which was optimised by an energy minimisation.
Following the initial geometry optimisation, the structures
were first heated to 1,000 K during 1,000 fs, equilibrated at
1,000 K for 4,000 fs, and finally the temperature was
decreased to 50 K for 10,000 fs using a multistep (near-
exponential) cooling protocol composed of three consecutive
linear stages. The SA cycle consisting of heating, equilibra-
tion and cooling was repeated 1,000 times, resulting in 1,000
conformers for each HOP. For the structures supplied by the
SA protocol, a final energy minimisation was performed
using the conjugated gradient method with a convergence
criterion of 0.005 kcal mol ™' A™" applied to the gradient.
The poly-(Ala),, and poly-(Gln),, peptides were modelled
in two different forms: (1) molecules with charged N-
terminal amino and C-terminal carboxyl groups, (2) mole-
cules with the N- and C-terminal ends blocked by acetyl
(Ace) and N-methyl amide (NMe) groups, respectively.

Results and discussion
Secondary structures

For the conformers obtained by SA calculations, the
presence of the following secondary structural elements
was investigated: different types of (3-turns, «-helix, 3;¢-
helix, PPII helix, parallel and antiparallel (3-strands. To
determine these secondary structures, the characteristic
ranges of ® and V¥ torsion angles were applied for different
turns as well as helices and strands (see Table 1). The
occurrence of various (-turns was examined for each
tetrapeptide unit of the sequences. In the case of helices
and strands, three consecutive amino acids satisfying
certain ® and W torsion angle criteria were considered to
be the minimum secondary structural element. However,
periodic structures evolved in longer segments (i.e. tetra-
and pentapeptide units, and so on) were also investigated
along the entire sequence of peptides.

For the poly-(Ala), and poly-(Gln), peptides, mainly two
types of B-turns (type I and type III) were observed, which
appeared in each tetrapeptide segment along the entire
sequence of molecules. Table 2 shows the minimum ({3
Iimin, B Mlpin), maximum (3 L., B ., and average (3
Live, B I,) populations as well as the total numbers of
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Table 1 Characteristic ranges of the ¢ and ¥ torsion angles applied to determine different turns, helices and strands. PP/I Poly-proline II

Ranges of ® and ¥ torsion angles

[B-turns

iy
Type 1 -turn —60°+30°
Type 1I B-turn —60°+30°
Type 11 B-turn —60°+30°
Type V p-turn —80°+£30°
Periodic secondary structures

P,
o-helix —60°+30°
30-helix —60°+30°
PPII helix —75°+30°
Parallel 3-strand —120°+30°
Antiparallel (3-strand —140°+30°

Ui Diin Uiin
—30°+30° —90°+30° 0°+30°
120°+£30° 80°+30° 0°+30°
—30°+30° —60°+30° —30°+30°
80°+30° 80°+30° —80°+30°

W

—50°£30°

—30°£30°

145°+30°

120°+30°

140°+30°

B-turns (B Lsum, B Ulgym) found in all the tetrapeptide units
for type I and type III (3-turns, respectively. The values of 3
Isum and P IIlg,, indicated that, in the case of HOPs, the
populations of the type III (3-turn were larger compared to
those of the type I [3-turn. Furthermore, these results also
revealed that the poly-(Ala), peptides showed greater
propensity to form (-turns than the poly-(Gln), peptides.
Additionally, the above-mentioned cumulative values point-
ed out that, for the terminally blocked molecules, more f3-
turns appeared in the majority of cases than with charged
molecules. These differences can be explained by compar-
ing the (3-turn populations observed at both the N- and the
C-terminal tetrapeptide units for the charged and blocked
forms of HOPs. In the case of charged molecules, lower

proportions of {3-turns were found for the N- and C-
terminal tetrapeptide segments, but in the blocked mole-
cules the populations of (3-turns evolving in the units
mentioned above did not differ substantially from those
occurring in any other tetrapeptide segment of the peptides.
The values of 3 I, and 3 IIl,,;, also demonstrated these
differences between the zwitterionic and terminally blocked
forms of HOPs, and each of these populations was located
at either the N-terminal or the C-terminal tetrapeptide units
of the charged molecules.

In the case of HOPs, in addition to structures character-
ized by one (-turn, several conformers were observed, in
which two or more [3-turns appeared at the same time either
consecutively or in separated tetrapeptide units. As indicat-

Table 2 Minimum (3 Ly, B Hlpin), maximum (B Ipax, B Hlnax), and average (B uye, B laye) populations (in number) and the total numbers of
B-turns (B Lum, B Hlgm) found in the tetrapeptide units for type I and type III 3-turns. HOP Homo-oligopeptide

HOP Populations of 3 I turns Populations of 3 III turns
(-J) Imin B Imax B Iave B Isum B IHmin B IHmax 6 IHave B IIIsum

H;N"-(Ala);-COO~ 44 128 87 346 71 167 122 487
Ace-(Ala);-NMe 72 95 84 337 155 196 179 714
H;N"-(GIn),-COO™ 21 56 39 157 18 71 48 192
Ace-(Gln);-NMe 43 70 58 231 74 94 86 343
H3;N"-(Ala);(-COO™ 40 104 81 569 60 166 125 877
Ace-(Ala);p-NMe 81 99 90 629 133 176 154 1,075
H;3N"~(Gln);(-COO™ 22 52 38 267 22 67 51 354
Ace-(Gln),o-NMe 47 59 51 358 66 80 73 512
H3N™-(Ala);4-COO™ 50 99 80 877 62 162 136 1,501
Ace-(Ala);,-NMe 67 98 78 862 126 152 141 1,552
H;N"-(GIn),;4-COO~ 27 56 40 442 29 75 55 600
Ace-(Gln),4,-NMe 32 51 42 462 50 71 59 649
H;3N"-(Ala),,-COO~ 37 104 73 1,238 53 154 127 2,160
Ace-(Ala),p-NMe 65 93 75 1,282 103 156 132 2,248
H;3N"~(Gln),-COO™ 14 46 34 579 17 71 48 816
Ace-(Gln),o-NMe 28 47 37 625 33 65 51 865
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ed by the results shown in Table 3, the cumulative numbers
(Sum) of multiple appearance of type III 3 turns were
larger for both the poly-(Ala), and the poly-(Gln), peptides
than those of type I 3-turns. Additionally, differences were
observed between the maximum numbers of type I and type
II B-turns occurring simultaneously in the conformers. In
the case of type I 3-turns, the maximum numbers of turn
structures were smaller compared to those of type III f3-
turns. For example, in the H3N"-(Ala),,-COO™ peptide, 5
and 10 were the maximum numbers of type I and type III
[3-turns, respectively. As mentioned previously, poly-(Ala),
peptides showed a greater propensity to form (3-turns than
poly-(Gln), peptides and, in accordance with this observa-
tion, the proportions of multiple turn structures were larger
for the former than for the latter HOPs. Figure 1 shows one
representative of these multiple turn structures for the

H;N"-(Ala),-COO™ peptide, in which two type IIT B-turns
appear at the same time at the N-terminal (Ala'-Ala*-Ala’-
Ala*) and the C-terminal (Ala*-Ala®-Ala®-Ala’) tetrapeptide
units.

The examination of periodic secondary structures (oc-
helix, 3jo-helix, PPII helix, parallel and antiparallel (-
strands) disclosed the appearance of mainly «- and
3,0-helical segments as well as antiparallel {3-strand-like
segments for the poly-(Ala), and poly-(Gln), peptides.
Table 4 shows the relative populations compared to the total
number of different tripeptide motifs (M) for the three
above-mentioned conventional periodic secondary struc-
tures (o-helix: aoxex, 319-helix: 319310310, B-strand: 33B)
evolved in the tripeptide units along the entire sequence of
molecules. In the case of helices and (3-strand, average
ratios (Maye) were calculated for charged poly-(Ala),,

Table 3 Number of conformers containing two or more {3-turns at the same time either consecutively or in separated tetrapeptide units for type I

and type III 3-turns

Number of turns BI B III B1 B 11T BI B I g1 B 10T
H;N"-(Ala);-COO~ Ace-(Ala);-NMe H;N"-(GIn),-COO™ Ace-(Gln);-NMe

2 29 40 23 68 15 25 21 45

3 1 35 49 2 6 15

4 12 42 5

Sum? 30 87 23 159 17 31 21 65
H;N"-(Ala);,-COO~ Ace-(Ala);o-NMe H;N"-(Gln),(-COO~ Ace-(Gln),-NMe

2 88 83 109 126 39 65 50 74

3 9 61 11 64 3 14 10 33

4 33 46 2 1 12

5 9 13 1 1

6 3 9 0

7 1 1

Sum 97 190 120 258 42 79 61 121
H;N"-(Ala);4,-COO~ Ace-(Ala);4,-NMe H;N"-(Gln),,-COO~ Ace-(Gln) 4-NMe

2 178 164 174 183 73 91 75 101

3 28 79 25 92 14 27 18 38

4 6 71 4 51 2 14 13

5 1 27 1 37 5 4

6 16 20 1 2

7 10 8 1 1

8 3 2 0

9 2 3 1

Sum 213 372 204 396 89 140 93 159
H;N"-(Ala),,-COO™ Ace-(Ala),o-NMe H;N"-(Gln),-COO~ Ace-(Gln),o-NMe

2 244 195 274 210 89 111 115 133

3 87 112 83 128 30 52 23 46

4 21 93 22 83 2 15 7 23

5 2 58 2 53 1 12 13

6 34 40 3 2

7 19 21 2 1

8 8 14

9 8 5

10 1

Sum 354 528 381 555 122 195 145 218

#Sum = the cumulative numbers of multiple appearance of type I or type III B-turns
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Fig. 1 One representative of the multiple turn structures for the H3N"-
(Ala);-COO™ peptide, in which two type III (3-turns appear at the
same time at the N-terminal (Ala'-Ala*-Ala*-Ala*) and the C-terminal
(Ala*-Ala®-Ala®-Ala”) tetrapeptide units. Only the peptide backbone is
represented by both sticks and ribbon

blocked poly-(Ala),, charged poly-(Gln),, and blocked poly-
(Gln), peptides. From the values of relative populations and
Maye—s, it can be seen that for the poly-(Ala), peptides,
predominantly ococer and 31931310 structures were found,
while populations of the 333 motif were lower compared
to the above-mentioned values. However, for the poly-
(GlIn),, peptides, mainly 31930319 and B33 structures were

Table 4 Relative populations (in %) compared to the total number of
different tripeptide motifs (Mt) for the three conventional periodic
secondary structures (a-helix: oo, 3jo-helix: 319310310, B-strand:

observed, and the aoxoe motif appeared with the lowest
frequency [with the exception of the Ace-(Gln);,-NMe and
Ace-(Gln);(-NMe molecules, where the relationship be-
tween the populations of 333 and aox structures was the
opposite in comparison with the other peptides]. Comparing
the relative populations of three investigated motifs for the
zwitterionic and terminally blocked forms of HOPs, it can
be seen that, in the case of blocked peptides consisting of 7
or 10 amino acids, the proportions of ococxx and 30310310
structures were larger, while the populations of 333 motifs
were lower compared to those of charged molecules with
the same length. Interestingly, these differences between the
two forms depending on the ionisation state were smaller in
the case of HOPs composed of 14 or 20 residues. These
results revealed that differences between the relative
populations of xxoe, 319310310 and 333 motifs decreased
with increasing length of peptide chain for the charged and
blocked forms of poly-(Ala), and poly-(Gln), peptides
consisting of the same number of amino acids.

In the case of - and 3;¢-helices as well as antiparallel
[3-strand, in addition to the conventional secondary struc-
tures occurring in the tripeptide units, helical and strand-
like structures evolved in longer segments (i.e. tetra- and
pentapeptide units, and so on) were also identified. These
results showed that the number of longer periodic second-

3B B) and for the six non-conventional tripeptide motifs (HH{3, H3H,
BHH, HBR, BHP, BRH)

HOP Motifs of tripeptide units

oot 310310310 BRB HHf HBH fHH HBP BHP BRH My
H;N*-(Ala),-COO~ 132 17.5 8.4 33 12.0 14.4 10.2 13.8 7.2 794
H3N"-(Ala);(-COO™ 17.0 222 7.7 3.6 9.9 12.4 9.2 9.9 8.1 1,378
H3N™-(Ala);4-COO™ 20.4 26.5 5.8 3.4 7.9 13.1 7.3 7.8 7.8 2,317
H3N"-(Ala),,-COO™ 19.9 26.2 8.7 3.0 8.4 11.7 7.3 7.5 7.3 3,602
Mave" 17.6 23.1 7.7 33 9.6 12.9 8.5 9.8 7.6
Ace-(Ala);-NMe 25.1 28.4 53 2.9 7.9 12.9 4.9 6.0 6.6 1,478
Ace-(Ala);o-NMe 21.7 272 4.5 3.6 10.9 12.9 6.1 7.3 5.8 1,934
Ace-(Ala)4-NMe 21.2 26.5 5.4 3.4 8.8 12.7 7.3 7.6 7.1 2,744
Ace-(Ala);-NMe 21.1 26.3 7.1 3.6 8.2 11.9 7.4 7.2 7.2 3,978
Mave 22.3 27.1 5.6 3.4 9.0 12.6 6.4 7.0 6.7
H3N"-(GlIn);-COO™ 49 12.0 15.2 6.2 10.0 9.4 16.8 15.5 10.0 309
H3N"~(Gln),,-COO™ 5.1 15.2 17.6 5.8 7.9 10.5 13.4 13.2 113 591
H;3;N"~(Gln);4,-COO™ 7.8 17.5 14.0 4.8 7.7 9.1 12.8 13.5 12.8 1,027
H3N"~(Gln),p-COO™ 7.2 15.8 14.1 6.0 83 8.9 14.1 142 11.4 1,509
Mave 6.3 15.1 15.2 5.7 8.5 9.5 14.3 14.1 11.4
Ace-(Gln);-NMe 12.8 20.9 8.7 5.0 8.6 132 10.9 11.5 8.4 688
Ace-(Gln),o-NMe 13.7 21.5 9.3 42 6.6 9.8 14.3 12.5 8.1 943
Ace-(GlIn);4-NMe 8.2 18.6 11.4 6.3 8.7 10.0 13.7 12.7 10.4 1,257
Ace-(GIn)p-NMe 7.8 16.9 15.0 43 7.9 8.8 14.3 13.7 113 1,853
Mave 10.6 19.5 11.1 5.0 8.0 10.5 133 12.6 9.6

* M pye-s are the average ratios of motifs (in %) for charged poly-(Ala),, blocked poly-(Ala),, charged poly-(Gln), and blocked poly-(Gln),

peptides, respectively
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c
Fig. 2 Longest (a) o-helix, (b) 31¢-helix and (c¢) antiparallel (3-strand
observed in the H;N"-(Ala);-COO™ peptide. Only the peptide back-
bones are represented by both sticks and ribbon

ary structures was smaller as compared to the populations
observed in the tripeptide units. In the majority of cases, for
peptides composed of 7 or 10 residues, conformers were
found in which periodic secondary structures appeared
along the whole length of HOPs, while for the peptides
consisting of 14 or 20 amino acids, the longest helical or
strand-like structures evolved in segments possessing a
maximum of 10 amino acids. Figure 2 represents the

longest «-helix, 3;o-helix and antiparallel (-strand ob-
served in the H3N"-(Ala);-COO™ peptide.

For the poly-(Ala), and poly-(Gln), peptides, small
populations of the PPII helical segments were detected in
tri- and tetrapeptide units. Recent experimental and theo-
retical studies performed on Ala- and Gln-based peptides as
well as poly-(Gln) molecules have suggested the existence
of local PPII conformation for individual Ala and Gln
residues [22, 31-34]. Therefore, each Ala and GIn amino
acid was examined for the presence of these local PPII
structures along the entire sequence of poly-(Ala), and
poly-(Gln), peptides. Our results showed that all individual
Ala and Gln residues possessed a propensity to occupy the
PPII helical conformation, and the populations of these
local PPII structures were only slightly smaller compared to
those found for the local - and 3¢-helical, as well as local
antiparallel (3-strand, conformations. Figure 3 shows Ram-
achandran plots regarding individual Ala and Gln residues
as well as all five Ala and Gln amino acids representing the
local conformational states for the H;N"-(Ala),-COO ™ and
H;N"~(GIn),-COO ™ peptides. In these Ramachandran plots,
the characteristic PPII helical region is indicated and, as can
be seen, a number of local conformations occupy the PPII
structure for both Ala and Gln residues.

In addition to the conventional periodic secondary
structures, other motifs occurring in the tripeptide units of

Fig. 3 Ramachandran plots of a b
the individual (a) Ala* and (b) 180 = B 180 T—rg—— -
Gln* residues as well as the —!‘ I :‘|. 1 J
cumulated plots of all the five 120 "' _f+ 120 . (25
(¢) Ala and (d) GIn amino acids : W
for the HyN"-(Ala),-COO~ and o0d . { 604 ¥ . '* 3
H3N+-(Gln)7-C007 peptides. :l‘q‘n" ‘I t -&'.'-. . l!‘_
The characteristic PPII helical [ I . 0
region is indicated by a grey R .) : i 3 __ﬁ a
square 604 v b 609 et e §
g f;-
-120 1 -120 1 "
180 +—22= . . : . 180 —Se— — .
=180 -120 =60 0 60 120 180 =180 120 60 0 60 120 180
d
c 180 1 — T 180 -
ry .
1201 Ml 3 120 1
- : .
609 HT t 60 1
15y :
ot & T -60 1
-" '-
-1204 C. Y -120 1 é
-180 +—fs, . —\ . 180 A—H e — e
=180 -120 60 0 60 120 180 -180  -120 -60 0 60 120 180
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these HOPs were examined. The presence of six different
motifs (HHP, HBH, pHH, HBPB, PHP and BAH) was
investigated, where the three letters relate to three consec-
utive amino acids. The «- and 3;y-helical regions were
merged and labelled as H, because the characteristic ranges
of ® and W torsion angles overlap for these two helices (see
Table 1), while the antiparallel (3-strand was labelled as f3.
Table 4 shows the relative populations of six non-
conventional structural elements in the same way as it
was done in the case of conventional secondary structures.
Taking into account the values of My, for these motifs, it
can be seen that the populations of HBH and (HH
structures were larger, and the proportions of HB3{3, fHf
and BRH motifs were lower for the poly-(Ala), peptides
compared to those for the poly-(Gln), peptides, which can
be explained by the greater propensity of poly-(Ala),
molecules to form helical structures. If we consider the
values of Mr, differences can be observed between the
poly-(Ala), and poly-(Gln), peptides as well as between
the charged and blocked forms of molecules. For the poly-
(Ala), peptides, more tripeptide motifs appeared than for
the poly-(Gln), peptides; furthermore, in the case of
zwitterionic forms, the number of motifs was smaller
compared to those for the terminally blocked forms.

Intramolecular H-bonds

For the conformers derived from SA calculations, intramo-
lecular H-bonding patterns formed between the NH donor
and CO acceptor groups were studied. In the case of both
HOPs, H-bonds evolved by the participation of backbone

atoms were identified; however, for the poly-(Gln),
peptides, H-bonds formed between the backbone and side-
chain atoms as well as between the side-chain atoms of Gln
amino acids were also examined.

Table 5 shows the minimum (H-bond,;,,), maximum (H-
bond,.x), average (H-bond,.) populations and the total
numbers (H-bondg,,) of i—it+3 H-bonds between a
backbone NH donor group of i+3th and a CO acceptor
group of ith residues for the poly-(Ala), and poly-(Gln),
peptides. The i«<—i+3 H-bonds appeared in each tetrapeptide
segment along the entire sequence of molecules in
accordance with the presence of type I and type III f3-
turns. The values of H-bond,;,, H-bond,,,,, H-bond,,. and
H-bond,,,, indicated that larger proportions of the i«—i+3
H-bonds could be observed for the poly-(Ala), peptides
compared to those for the poly-(Gln), peptides. This
observation is in good agreement with the above-mentioned
greater propensity of poly-(Ala), molecules to form
different (3-turns. In the case of charged peptides, the
populations of i«—i+ 3 H-bonds were lower at the N- and C-
terminal tetrapeptide segments in comparison with those
observed at any other places. This correlated well with the
smaller number of (3-turns occurring in the two above-
mentioned tetrapeptide units for the zwitterionic form of
HOPs. All the minimum populations represented in Table 5
were located in either the N-terminal or the C-terminal
tetrapeptide units for the charged HOPs.

The multiple turn structures described earlier showed char-
acteristic H-bonding patterns in accordance with the oc-
currence of [(-turns. In most cases, a (-turn structure
evolved in any tetrapeptide unit was stabilised by an i«—i+3

Table 5 Minimum (H-bond,;,), maximum (H-bond,,.,), average (H-bond,,.) populations (in number) and the total numbers (H-bond,,) of i«—i
+3 H-bonds formed between a backbone NH donor group of i+3th and a CO acceptor group of ith residues

HOP Populations of i«—i+3 H-bonds
H-bond,,i, H-bond,.x H-bond,,. H-bondg,,

H;N"-(Ala);-COO~ 83 211 144 577
Ace-(Ala);-NMe 145 170 160 641
H3N"-(Gln),-COO™ 33 88 67 268
Ace-(Gln);-NMe 90 112 102 409
H3;N"-(Ala);(-COO™ 64 175 141 986
Ace-(Ala);o-NMe 128 175 156 1,091
H;3N"~(Gln);(-COO™ 30 89 65 453
Ace-(Gln);o-NMe 72 94 86 602
H3N™-(Ala);4-COO™ 83 163 137 1,508
Ace-(Ala);4-NMe 128 172 141 1,549
H;N"-(GIn),;4-COO~ 32 81 64 699
Ace-(Gln);4-NMe 61 93 72 791
H;3N"-(Ala),,-COO~ 73 159 129 2,198
Ace-(Ala),o-NMe 110 187 138 2,353
H;3N"~(Gln),-COO™ 23 77 55 941
Ace~(Gln),o-NMe 49 80 64 1,087
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H-bond; however, several 3-turns that satisfied the ® and ¥
torsion angle criteria, but lacked the stabilising H-bonds were
also identified. Figure 4a shows the H-bonding pattern of a
double tumn structure found in the H3N"-(Ala),-COO ™ peptide
that is represented in Fig. 1. In accordance with the presence
of two type III 3-turns in the N- and C-terminal tetrapeptide
units, two i«—i+3 H-bonds can be observed, one of which is
formed between the Ala' and Ala* residues, while the other is
located between amino acids Ala* and Ala’.

The i—i+3 H-bonds play an important role in the
structural stabilisation not only of (3-turns, but also of 3;4-
helical segments. In the case of both HOPs, 3;(-helical
structures appearing in longer segments were identified in
which stabilising consecutive i«—i+3 H-bonds were ob-
served. Figure 4b represents the characteristic H-bonding
pattern for the longest 3,¢-helix observed in the H;N'-
(Ala);-COO™ peptide shown in Fig. 2b. For this structure,

C
Fig. 4a—c H-bonding patterns of the conformers characterised by
different secondary structural elements for the H3N'-(Ala),-COO~
peptide. a A double turn structure with two H-bonds (Ala'«—Ala®,
A1a4<—Ala7). b The longest 3;¢-helix with four H-bonds (Ala'<—Ala4,
Ala’—Ala’, Ala’>—Ala® Ala*—Ala’). ¢ The longest «-helix with
three H-bonds (Ala'«—Ala®, Ala’—Ala®, Ala*—Ala’). Only the
peptide backbones are represented by sticks, and the dashed lines
indicate the intramolecular H-bonds

@ Springer

four intramolecular i«<—i+3 H-bonds can be found
(Ala'—Ala*, Ala®>—Ala’, Ala’—Ala® and Ala4<—A1a7),
which prove the presence of the 3¢-helix evolved along
the whole sequence of the peptide.

For poly-(Ala), and poly-(Gln), peptides, in addition to
the presence of i«—i+3 H-bonds, the occurrence of i«—i+4
intramolecular H-bonds between the backbone atoms was
also investigated, because they stabilise the o-helical
structure. The distribution of i«—i+4 H-bonds was very
similar to the distribution of «-helical segments observed
for the HOPs. Comparing the populations of i«—i+4
H-bonds for either native poly-(Ala), and poly-(Gln),
peptides or the charged and blocked forms of these
molecules, similar observations could be made regarding
the proportions of i«——i+4 H-bonds as for the relative
populations of aax motifs, as mentioned previously.
Figure 4c shows the characteristic H-bonding pattern for
the longest a-helix found in the H;N'-(Ala);-COO~
peptide, which is represented in Fig. 2a. In this structure,
three consecutive i«—i+4 H-bonds can be observed between
the Ala'«Ala®, Ala?>—Ala® and Ala’<—Ala’ amino acid
pairs, which correspond to the «-helix appearing along the
entire sequence of the peptide.

In the case of blocked peptides, several H-bonds formed
by the participation of the Ace group as acceptor and the
NMe group as donor that could take part in the further
structural stabilisation of the N- and C-terminal ends of
molecules were identified. For the charged forms of both
HOPs, the NH group of the first three amino acids at the N-
terminal end, and the CO group of the last three residues at
the C-terminal end showed a lower propensity to participate
in H-bonds, while for the blocked forms, only the NH
group of first two and the CO group of last two amino acids
showed similar properties. The reason for this is the effect
of the Ace and NMe blocking groups, which can take part
in the formation of further H-bonds as acceptors and
donors, respectively. The lower propensity of the NH and
the CO groups to form H-bonds at both the N- and the C-
terminal ends of the peptides can be connected with the i«
+3 H-bonds, since the first two or three N-terminal NH
groups and the last two or three C-terminal CO groups,
depending on the ionisation state, cannot form such H-
bonds because of the lack of possible acceptor and donor
partners, respectively. In the case of poly-(Ala), peptides,
the NH and CO groups of the fourth amino acids for the
charged forms and the same groups of the third residues for
the blocked forms (counting from both the N- and the C-
terminal ends), showed somewhat similar features, which
are related to the i«—i+4 H-bonds and the lack of possible
acceptor and donor partners, like in the case of i«—i+3 H-
bonds. For poly-(Gln), peptides, these properties were not
observed, probably due to the lower propensity of these
HOPs to form o-helical structures.
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Beside the H-bonds evolving between the backbone
atoms, in the case of poly-(Gln), peptides, further intramo-
lecular H-bonds appearing via the participation of NH and
CO groups of Gln side-chains were also examined. Three
different types of such H-bonds could be distinguished
considering that they could involve the NH donor and CO
acceptor groups of both backbone and side-chain of the Gln
amino acids: (1) H-bonds between the backbone NH and
side-chain CO groups (NHg-COg, where the B and S letters
in subscript denote backbone and side-chain, respectively),
(2) H-bonds between the side-chain NH and backbone CO
groups (NHg-COp), and (3) H-bonds between the side-
chain NH and side-chain CO groups (NHg-COg). The
intramolecular H-bonds mentioned above might have an
effect on the populations of evolving secondary structural
elements (p-turns, «- and 3;p-helices), because they can
decrease the proportions of H-bonds formed between the
backbone atoms that stabilise the turn and helical structures.
For poly-(Gln), peptides, the smaller populations of
secondary structural elements, described earlier, can be
explained by the formation of NHg-COg, NHg-COg and
NHg-COg H-bonds. Comparing the ratios of these H-bonds
relative to one another, the NHg-COp H-bonds appeared in
the largest number, while the proportion of NHz-COg H-
bonds was the lowest. Nevertheless, the majority of NHg-
COg, NHg-COg and NHg-COg H-bonds were formed
between any ith residue and its three preceding or following
neighbours (i-3«i, i-2«—i, i-1<—i H-bonds and i—i+1, i—i
+2, i—i+3 H-bonds).

Conclusions

We performed a conformational analysis of both charged
and terminally blocked forms of poly-(Ala), and poly-
(GlIn), peptides of different lengths. For the conformers
obtained by SA calculations, detailed structural investiga-
tion concerning the secondary structural elements and the
intramolecular H-bonding patterns was carried out. The
results of our conformational study indicated that, for both
the poly-(Ala), and the poly-(Gln), peptides, various
secondary structural elements (type I and type III (3-turns,
«-helix, 3o-helix, antiparallel (3-strand) could be observed.
In the case of both HOPs, [3-turns appeared in every
tetrapeptide segment along the entire sequence of the
peptides, while periodic secondary structural elements
evolved mainly in tri- and tetrapeptide units; however,
longer helices and strands could also be found in smaller
numbers. In accordance with the occurrence of turns and
helical structures, characteristic H-bonding patterns formed
either by i«i+3 or by i<i+4 H-bonds were identified.
Considering the populations of secondary structural ele-
ments and intramolecular H-bonds, differences could be

found either between the poly-(Ala), and poly-(Gln),
peptides or between the charged and blocked forms of
these molecules. Poly-(Ala), peptides showed a greater
propensity to form {3-turns and helical structures compared
to poly-(Gln), peptides; however, for the populations of
antiparallel (3-strand, the relationship was the opposite
between the two HOPs. Nevertheless, in the majority of
cases, the terminally blocked peptides contained more
secondary structural elements as compared to the zwitter-
ionic molecules. Taking into account intramolecular H-
bonds, similar differences could be found between the two
forms of HOPs depending on their ionisation state, as for
the secondary structures.

Our results showed that poly-(Ala), peptides contained
mainly «- and 3;¢-helical segments as periodic secondary
structural elements. This corresponds to the high propensity
of alanine to form helical structures and to the results of
earlier investigations suggesting either «-helix [4-9] or 3,¢-
helix [10—-12] as the characteristic conformation. Contrary
to earlier experimental [13, 14] and theoretical [15, 16]
investigations, in which PPII conformation was detected for
both poly-(Ala) and Ala-based peptides, we did not find a
significant amount of this helical structure evolved in three
or more consecutive residues. However, a considerable
number of local PPII conformations was observed for all
individual Ala residues, similarly to the case of the Ala-
based peptide, XAO [31-33]. Beside the helical structures,
we identified either single or multiple (3-turns for the poly-
(Ala), peptides, which appeared along the entire sequence
of the molecules. Our findings correspond to recent
observations concerning the structural properties of XAO
peptide [31, 33]. Nevertheless, as it was pointed out
previously, the above-mentioned turn structures play an
important role in the initiation of helix formation, and they
appear as intermediate states during the random-coil-to-
helix transition and in the folding process [9, 35-37].

In the case of poly-(Gln),, molecules, mostly 3;¢-helical
and antiparallel (3-strand-like segments were observed as
periodic structures. The presence of the latter secondary
structural element is in agreement with the previous
observation that a peptide composed of 15 Gln residues
adopts a (-structure made of antiparallel 3-strands [23].
Nevertheless, we also observed {3-turns, which might play a
role in the formation of hairpin conformations, as observed
previously [23, 24]. As with poly-(Ala), peptides, local
conformational states characterised by PPII structure were
found in the case of all individual Gln residues, as it was
recently proposed for poly-(Gln) and Gln-based molecules
[22, 34]. Earlier experimental and theoretical studies also
suggested a random coil or unordered conformation for
poly-(Gln) and Gln-based peptides [20-22]. Beside the (3-
turns, 3¢-helical and antiparallel 3-strand-like segments, our
conformational analysis also revealed random coil structures.
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Finally, from the results of our conformational analysis
of poly-(Ala), and poly-(Gln), peptides, it can be conclud-
ed that both HOPs exist as an ensemble of conformational
states characterised by a variety of secondary structural
elements. Nevertheless, our detailed structural investigation
yielded several results that will be useful in our forthcom-
ing studies, and which will help provide deeper insights
into the mechanism of the formation of human illnesses and
neurodegenerative diseases involving HOPs.
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