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Conformational analyses of an alanine oligomer during
chain propagation using quantum chemical

calculations

Minoru Kobayashi!, Jae Ho Sim? and Hisaya Sato®

Conformational convergent calculations of alanine oligomer models (from 2- to 7-mer, x=2-7) were performed using QCC
starting from the 2-mer (4 x 164 types). The energies and dihedral angle distributions (@p/y) of the conformers were examined,
and the results were compared with the experimental and calculated data previously reported by other authors. The two end
group types (that is, ‘amide type’ and ‘methyl type’) and the left- and right-handed rotational directions were determined. The
number of conformers decreased as x increased, and those of the ‘methyl type’ were larger than those of the ‘amide type’. The
@hy of the 4- to 7-mers converged to three types (that is, a-helix (g+/g+ or g—/g—-), PPIl-like (g+/g— or g—/g+) and B-extended
(t+/t - or t-/t+) in decreasing energy order). The stabilities of the a-helix increased as x increased because of the intramolecular
hydrogen bonds between amino acids located two or three units apart. The PPIl-like type was different from the reported PPII
(g —/t+) type and considered to be a 2.2; ribbon (g-/g+). No energy differences were observed between the left- and right-
handed ‘amide type’. However, energy differences were observed for the ‘methyl type’. The unique energies and conformations
of the ‘methyl type’ are mainly because of intramolecular hydrogen bonding.
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INTRODUCTION

A thorough understanding of the conformations of oligopeptides is
important because these conformations often reflect the conforma-
tional formation during chain propagation. Many experimental and
theoretical studies of the conformations of oligopeptides have been
reported. For example, alanine oligomers have been studied using
Raman (dimer) by Parchansky et al,! NMR (trimer) by R. Schweitzer-
Stenner,” NMR (heptamer) by Shi et al.,> molecular dynamics (MD)
and IR by Woutersen et al,%> MD and NMR by Graf et al,® QCC by
Mirkin and Krimm’ and MD by Kentsis et al.® However, analytical
studies of the conformation of alanine oligomers during chain
propagation are limited.

We previously reported the conformational analyses of methyl
methacrylate, ethylene oxide and ethylene imine oligomers using a
quantum chemical calculation (QCC) method. The results calculated
for the isotactic methyl methacrylate oligomer® supported the results
(10/1 helix) observed for the 3- and 7-mers. The results calculated
for the hydrated or non-hydrated ethyleneoxide!® and polyethylene
imine!%-12 oligomers supported the observed results, and the result for
polyethylene imine enabled us to gain insight into the transition
during hydration (from helix to extended). In this study, the QCC
method was applied to alanine oligomers. For a deeper understanding
of the conformation changes during chain propagation of the peptide,

conformational convergent calculations of alanine oligomers from
2- to 7-mer (in the order starting from 2-mer) were performed, and
the results were compared with the experimental data and the
previously calculated values. For all of the models, the effects of the
end group type and the left- and right-handed rotational directions of
the main chain were examined. For the converged conformers, the
energies and dihedral angle distributions of the main chain [(@,/yy)x
in CN-C*C/NC*-CN ] are discussed.

QUANTUM CHEMICAL CALCULATIONS

Designations of alanine oligomer models

For oligomer models of the alanine, an x-mer of a single chain
(x: monomer unit number, x=2-7) was prepared. The models are
shown in Table 1. The ‘amide type’ and the ‘methyl type’ of end
groups were used. In the ‘amide type’, the acetyl (-NH-COCH3) and
methyl amide (CH3NH-CO-) groups were designated as the N- and
C-end, respectively. In the ‘methyl type’, the methyl (-NH-CHj)
and methyl amide (CH3;NH-CO-) groups were designated as the
N- and C-end, respectively.

For the designations of the conformational distributions of each
model, the main chain, which has dihedral angle distributions of
[(Xo/Pn/Wn)x] is [(n/n/7)]y, was prepared first. The (),/@n/Wy)y is the
combinations of dihedral angles (t,) repeated for the unit consisting
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Table 1 Alanine oligomer models (x=2-7 mer)

No. Types of end groups Molecular formula Designations for rotational directions (z,,) designated for HN-C*CH3)?
xAl amide CH3CO-[NHCH(CH3)COl,-NHCH3 left-handed (120°)

xA2 amide CH3CO-[NHCH(CH3)COl,-NHCH3 right-handed (-120°)

xM1 methyl CH3-[INHCH(CH3)COl,-NHCH3 left-handed (120°)

xM2 methy! CH3-[INHCH(CH3)COl,-NHCH3 right-handed (-120°)

aThe 74(n) values are the dihedral angles designated for HN-C*CH3 bonds in all trans conformation: [(yn/@n/wn)k] = [(n/n/z)ly.

Table 2 Energies (AE) and structures (@./y,)x of converged conformers for the ‘amide type’

No Designated models AE (kcal per m.u.)  @n, av (°) wa av (9 Type opfp,  No.  Designated models AE (kcal per m.u.) @n av (°) wn av (°) Type @y,
2A1-1 -0.28 85.6 -70.6 g+ig— 2A2-1 -0.28 -85.6 70.6 g—/g+
2A1-2 0.00 159.4 -162.9 t+t - 2A2-2 0.00 -159.4 162.9 t—/t+
2A1-3 0.54 -31.3 1.9 g-/g+ 2A2-3 0.53 -86.7 -3.9 g-/g—
2A1-4 0.54 86.8 1.9  gHgr 2A24 1.10 -97.2 388 g-/g+
2A1-5 1.10 97.2 -38.7 g+ig— 2A2-5 1.91 746 -57.1 g+/ig—
2A1-6 1.92 -74.6 57.1 g—/g+ 2A2-6 2.70 65.0 22.5 g+ig+
2A1-7 2.70 -65.0 -225 g-/g- 2A2-7 3.70 -26.2 24.1 g—/g+
2A1-8 3.70 26.2 -24.1 g+ig— 2A2-8 4.64 -141.4 -28.3 t—/g—
2A1-9 4.65 141.4 28.3 t+/g+ 2A2-9 6.28 -164.5 -56.2 t—/g—
2A1-10 5.78 -62.0 131.8 g—/t+
2A1-11 6.28 164.5 56.2 t+/g+
3A1-1 2A1-1,5 -0.31 85.5 -69.8 g+/ig— 3A2-1 2A2-3,6 -0.31 -85.5 69.8 g—/g+
3A1-2 2A1-2 0.00 159.5 -163.3 t+/t— 3A2-2 2A2-2 -0.06 -780 -26.6 g-/g—
3A1-3 2A1-3,4,8,9 0.06 78.0 8.9 g+/g+ 3A2-3 2A2-1 0.00 -159.5 163.3 t—/t+
3A1-4 2A1-6,7,10 1.78 -74.7 56.3 g-/g+ 3A2-4 2A2-4,5 1.78 74.7 -56.3 g+ig—
3A1-5 2A1-11 1.95 144.5 -47.3 t+/g— 3A2-5 2A2-7,8 1.95 -144.5 47.2 t—/g+
4A1-1 3A1-3,5 -0.61 74.0 11.6 g+/g+ 4A2-1 3A2-5 -0.61 -740 -11.6 g-/g—
4A1-2 3A1-1,4 -0.33 85.4 -69.2 g+ig— AA2-2 3A2-1 -0.33 -85.4 69.2 g-/g+
4A1-3 3A1-2 0.00 159.5 -163.6 t+t - 4A2-3 3A2-3 0.00 -159.5 163.6 t—/t+
AA2-4 3A2-2 0.27 -948 -14.4 g-/g—
4A2-5 3A2-4 1.69 747 -557  gHg-
5A1-1 4A-1 -1.05 71.5 13.6 g+/g+ 5A2-1 4A2-1,4 -1.05 -71.5 =136 g-/g—
bA1-2 4A-2 -0.36 85.3 -68.8 g+ig— 5A2-2 4A2-2 -0.36 -85.3 68.8 g—/g+
5A1-3 4A-3 0.00 159.6 -163.8 t+t - 5A2-3 4A2-3 0.00 -159.6 163.8 t—/t+
5A2-4 4A2-5 1.61 746 -55.3 g+g—
6A1-1 H5Al1-1 -1.40 69.7 15.0 g+/g+ 6A2-1 5A2-1 -1.4 -69.7 -15.0 g-/g—
6A1-2 5A1-2 -0.40 85.2 -68.5 g+ig— 6A2-2 H5A2-2 -0.39 -85.2 68.5 g—/g+
6A1-3 HbA1-3 0.00 159.6 -163.9 t+t - 6A2-3 5A2-3 0.00 -159.6 163.9 t—/t+
6A2-4 5A2-4 1.54 745 -55.0 g+ig—
7A1-1 6A1-1 -1.69 68.4 16.0 g+g+ 7A2-1 6A2-1 -1.69 -68.3 -16.0 g-/g—
7A1-2 6A1-2 -0.41 85.2 -68.3 g+ig— 7A2-2 6A2-2 -0.41 -85.6 68.3 g—/g+
7A1-3 6A1-3 0.00 159.7 -164.0 t+/t— 7A2-3 6A2-3 0.00 -159.7 164.0 t—/t+
7A2-4 6A2-4 1.81 728 -419 g+ig—

of (C*C-NC%)/(CN-C*C)/(NC*-CN) bonds. Second, the left- and
right-handed rotational directions of the main chain were designated
+120° and —120° dihedral angles [Ty()], respectively, which were
repeated for the unit consisting of (HN-C*CHj3) bonds. Finally, the T,
values based on each value of [()xn/@n/Wn)x] were determined. As an
example of the model, the specific structure of the 4-mer is shown in
Figure 2.

Calculations

For each model, conformational analyses were carried out using QCCs
as implemented in the ‘Gaussian 03W’ software (Gaussian Inc.).!* In
the structural optimizations, the restricted Hartree-Fock (RHF) and
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density functional theory (B3LYP) were used for the calculations along
with the self-consistent field method. STO-3G, 6-31G and 6-31+G(d,p)
(d, p: polarization, +: diffuse function) were used as the basis sets.
The convergent calculations were first carried out by using STO-3G
and then 6-31G as the higher level basis set. First, the optimizations of
the four types of 2-mer models mentioned above were carried out. In
the designation of each model, the x,, values were fixed at @, and the
On (P1=@2) and y, (g =\,) values were designated at /6 intervals
in four quadrants (164 types). Second, the optimizations of the 3-mer
models were carried out based on the results of the converged
conformers for the 2-mer. In the designations of the 3-mer models,
the averaging values of y,,, @, and ,, of the conformers converged for
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Table 3 Energies (AE) and structures (@,/yy)y of converged conformers for the ‘methyl type’ (by RHF/6-31G)

Model: xM1 (designated with left-handed) Model: xM2 (designated with right-handed)
No. Designated models AE (kcal per m.u.) @n, av (°) wn, av (°) Type @phyn No. Designated models AE (kcal per m.u.) @n, av (°) wn av (°) Type @ fpn
2M1-1 -2.70 84.2 -24.6 gtg- 2M2-1 -2.95 -84.2 246  g-/g+
2M1-2 -1.76 13 -44.9 g+g- 2M2-2 -2.38 -111.9 40.5 g-/g+
2M1-3 -1.07 33.1 21.9 g+/g+ 2M2-3 -1.98 -120.0 704  g-/g+
2M1-4 -0.75 -77.6 17.6  g-/g+ 2M2-4 -1.85 -5.8 -38.1 g+g—
2M1-5 -0.69 115.4 -155.7  g+t- 2M2-5 -1.13 -78.0 110.2  g-/g+
2M1-6 -0.61 29.3 -16.3  t+g- 2M2-6 -1.00 77.6 -17.6  gt+ig-
2M1-7 0.00 166.2 -147.9 t+Ht— 2M2-7 -0.94 -115.4 155.0 g-/t+
2M1-8 0.25 1563.7 -170.0 t+t— 2M2-8 -0.85 -129.3 16.3 t—/g+
2M1-9 0.66 43.9 178.9 g+/t+ 2M2-9 -0.44 120.5 -41.4  t+/g-
2M1-10 1.82 -73.7 1145 g-/g+ 2M2-10 -0.25 -166.2 147.9 t—/t+
2M1-11 1.95 178.8 39.2 t+g+ 2M2-11 0.00 -153.7 170.0 t—/t+
2M1-12 3.67 -64.7 246  g-/g+ 2M2-12 0.35 -125.5 -35.7 t-/g-
2M1-13 3.83 -67.8 -56.2 g-/g- 2M2-13 0.41 -43.9 -1.1 g-/g-
2M2-14 1.57 73.7 -1143  g+ig-
2M2-15 1.69 -178.8 -39.2 t-/g-
2M2-16 3.42 64.7 -246 gtlg-
2M2-17 3.58 67.8 56.2 g+ig+
3M1-1 2M1-1 -1.92 84.8 -39.2 gtg- 3M2-1 2M2-1,2,3 -2.05 -84.9 39.2  g-/g+
3M1-2 2M1-3 -1.40 86.6 7.6 g+/g+ 3M2-2 2M2-13 -1.53 -86.6 -76 g-/g-
3M1-3 2M1-6 -1.11 103.9 -2.7 g+lg- 3M2-3 2M2-8 -1.23 -103.9 27 g-lg+
3M1-4 2M1-2 -0.71 111.0 -29.1 g+g- 3M2-4 2M2-1 -0.84 -111.0 29.1 g—/g+
3M1-5 2M1-9 -0.63 80.5 -96.5 g+g- 3M2-5 2M2-5 -0.62 -130.1 158.5 t—/t+
3M1-6 2M1-5,7,8 0.00 164.1 -153.2 t+Ht— 3M2-6 2M2-4,6,16 -0.10 76.8 -30.1 g+ig—
3M1-7 2M1-4,10 0.02 -76.8 30.1 g-/g+ 3M2-7 2M2-7,10,11 0.00 -155.5 168.1 t—/t+
3M1-8 2M1-12 1.80 -74.0 95.7 g-/g+ 3M2-8 2M2-17 0.50 71.4 21.3 g+g+
3M1-9 2M1-13 2.49 -65.6 -45.7 g-/g- 3M2-9 2M2-12 1.34 -123.7 -19.2  t-/g-
3M1-10 2M1-11 3.35 171.1 45.4 t+/g+ 3M2-10 2M2-14 1.67 74.3 -96.0 gt+/g-
3M2-11 2M2-15 2.28 -138.6 -43.1  t-/g-
3M2-12 2M2-17 2.36 65.6 45.7 g+ig+
3M2-13 2M2-9 3.22 -164.9 -455 t-/g-
4M1-1 3M1-1,3 -1.55 85.0 -46.6 g+g- 4M2-1 3M2-2,9,11,13 -1.07 -80.3 -11.2 g-/g-
4M1-2 3M1-2 -1.44 80.3 11.2 g+/g+ 4M2-2 3M2-5,10 -0.38 -137.52 159.9 t—/t+
4M1-3 3M1-4 -1.21 92.6 3.9 g+/g+ 4M2-3 3M2-1,3,4 -0.16 -81.7 89.4 g-/g+
4M1-4 3M1-5 -0.22 105.9 -825 gtg- 4M2-4 3M2-7 0.00° -163.0 156.1 t—/t+
4M1-5 3M1-6 0.00 163.0 -156.1 t+Ht— 4M2-5 3M2-6,10 0.74 76.4 -36.4 gtlg-
4M1-6 3M1-7,8 1.85 -73.3 15.9 g-/g+ 4M2-6 3M2-8,12 0.75 67.5 23.1 g+ig+
5M1-1 4M1-2,3 -1.62 76.4 13.1 g+/g+ 5M2-1 4M2-1 -1.62 -76.4 -13.1 g-/g-
5M1-2 4M1-1,4 -1.33 85.1 -50.7 g+g- 5M2-2 4M2-3 -1.33 -85.1 50.7 g-/g+
5M1-3 4M1-5 0.00 162.4 -157.8 t+t— 5M2-3 4M2-2,4 0.00 -162.4 157.8 t—/t+
5M1-4 4M1-6 0.56 -76.0 39.9 g-/g+ 5M2-4 4M2-6 0.06 73.2 23.7 g+g+
5M2-5 4M2-5 0.80 92.5 -49.1 g+/g—
6M1-1 5M1-1 -1.85 74.0 14.4 g+/g+ 6M2-1 5M2-1 -1.27 -51.4 -20.1 g-/g-
6M1-2 5M1-2 -1.20 85.1 -53.5 gHg- 6M2-2 5M2-2 -1.20 -85.0 53.6 g-/g+
6M1-3 5M1-3 0.00 162.0 -158.9 t+Ht— 6M2-3 5M2-4 -0.23 63.6 24.4 g+/g+
6M1-4 5M1-4 1.62 -74.4 75.0 g-/g+ 6M2-4 5M2-3 0.00 -162.0 158.9 t—/t+
6M2-5 5M2-5 0.88 89.5 -49.9 g+/g-
7M1-1 6M1-1 -2.05 72.1 19.8 g+/g+ 7M2-1 6M2-1 -2.05 -72.1 -155 g-/g-
7M1-2 6M1-2 -1.11 85.1 -55.5  g+g- 7M2-2 6M2-2 -1.11 -85.1 55.4  g-/g+
7M1-3 6M1-3 0.00 161.6 -159.7 t+t - 7M2-3 6M2-3 -0.49 62.3 25.0 g+ig+
7M1-4 6M1-4 1.57 -74.4 72.0 g-/g+ 7M2-4 6M2-4 0.00 -161.6 159.7 t—/t+
7M2-5 6M2-5 1.32 86.7 -394  gt+lg-

2The @1 neighboring N-end largely kinked to —71.5°.
bAs standard conformer of AE, 4M2-4 (no kink type of @) was used.

the 2-mer were used as the y,, @, and y, values, respectively, for The formation energies (E: Hartree, 1 Hartree = 627.51 kcal mol ~ 1,
the 3-mer. The convergent calculations for the 4- to 7-mers were hereafter referred to as energy) and some structural parameters
carried out in order using the same method as that employed for the (that is, dihedral angles: 7, chain length: L, dipole moment: p, and
3-mer. others) were recorded for the optimized structures (Figure 2).

Polymer Journal
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The conformations were specified based on the IUPAC rule!* as
follows: T, for trans (t+) and gauche (g+) are +120° to + 180° and
+0° to + 120°, respectively. The types of conformational distributions
(@n/Wy)x of the conformers were specified as follows: trans and gauche
types are (t/t) and (g/g, g/t or t/g), respectively.

RESULTS AND DISCUSSION

Conformational convergence

Four conformational convergent calculations of the alanine oligomer
models for the 2-mer were performed: for the two end group types
(‘amide type’ and ‘methyl type’) and for the left- and right-handed
rotational directions of the main chain. The effect of the end group on
the conformational properties of the peptide is important because the
end group often affects the conformational changes (for example,
transition and folding based on environmental changes (hydration'?)).
To estimate the end group effect, one type of methyl amide group
(CH3NH-CO-) for the carboxyl end group (C-end) and two types of
acetyl (-NH-COCHj3) and methyl (-NH-CHj3) groups for the amino
end group (N-end) were prepared, as shown in Table 1. One of the
reasons for preparing the methyl group for the N-end (‘methyl type’)
is that this group may be more synthetically primitive than the acetyl
group. In the calculations for the left- and right-handed rotational
directions, +120° and —120° respectively, were designated as the
dihedral angles [Ty)], which were repeated for the unit consisting of
(HN-C*CHj3;) bonds, as shown in Table 1. In the designation of each
model, the y,, values were fixed at m, and the @, (p;=@,) and y,
(¢ =\,) values were designated at n/6 intervals in four quadrants
(164 types). Here, yn, @p, and y,, are dihedral angles (t,,) repeated for

Table 4 Formation energies (E) of typical conformer types (@/y)

the unit consisting of C*C-NC% CN-C*C and NC*CN bonds,
respectively.

The results from the convergent calculations of the ‘amide type” and
‘methyl type’” are shown in Tables 2 and 3, respectively. The results
calculated for the models designated to be left- and right-handed are
shown on the left and right side, respectively, of each table. In Tables 2
and 3, the energies (AE, kcal per m.u.) and dihedral angle distribu-
tions [(@u/wn)x] of the x-mers are shown. The AE is the relative
energy of the monomer unit to the energy of the trans type [(@n/Wy)x:
t/t] with calculated rotational direction.

In the convergent calculations for the 2-mer models (4 X 164 types),
many models converged to the same conformational isomer (hereafter
referred to as conformers), leading to a smaller number of conformers,
and the calculation could not be performed for several models because
of the ‘close contact’ of atoms or ‘link died” during the calculation. In
the ‘amide type’, as shown in Table 2, the number of conformers
designated to be left- and right-handed for the 2-mer were 11 and 9,
respectively. In the ‘methyl type’, these values were 13 and 17,
respectively, as shown in Table 3. There are more ‘methyl type’
conformers than ‘amide type’ conformers.

The convergent calculations for the 3-mer were carried out using
the average value of y, @, and w, for the 2-mer converged
conformers. As shown in Tables 2 and 3, the number of 3-mer
conformers decreased compared with the number of 2-mer
conformers. There were 5 ‘amide type’ conformers for both the right-
and left-handed models, and the number of left- and right-handed
‘methyl type’ conformers was 10 and 13, respectively.

‘Amide type' ‘Methyl type'
Left-handed Right-handed Left-handed Right-handed
A(ﬁEm(L))b A(ﬁEm(R))b Ewr-Euw) A(&Em(u)b A(ﬁEm(R))b Ewr-Eq)
ohy X S8Emaf (HF)  (kcalmol=1)  SEnwf (HF)  (kcalmol~1)  (kcalmol=1)  6Enq? (HF)  (kcalmol=1)  8Emwf (HF)  (kcalmol=1)  (kcal mol~1)
2 — — 0.00 — — 0.50
3 —245.7443 — —245.7443 — 0.00 —245.7439 — —245.7470 — -1.51
t+t- 4 -245.7443 0.00 —245.7443 0.00 0.00 —245.7443 -0.25 —245.7443 1.69 -1.51
t-/t+ 5 -245.7443 0.00 —245.7443 0.00 0.00 —245.7443 0.00 -245.7419 1.51 0.00
(B) 6 —245.7443 0.00 —245.7443 0.00 0.00 —245.7443 0.00 —245.7443 -1.51 0.00
7 -245.7444 -0.06 —245.7444 -0.06 0.00 —245.7443 0.00 —245.7443 0.00 0.00
Av=-0.02 Av=-0.02 Av=-0.06 Av=0.42
2 — — 0.00 — — 0.00
3 —245.7449 — —245.7449 — 0.00 —245.7445 — —245.7445 — 0.00
g+g— 4 -245.7449 0.00 —245.7449 0.00 0.00 —245.7450 -0.31 —-245.7450 -0.31 0.00
g-/g+ 5 -245.7451 -0.13 —245.7451 -0.13 0.00 —245.7450 0.00 —-245.7450 0.00 0.00
(p) 6 -—245.7451 0.00 —245.7451 0.00 0.00 —245.7452 -0.31 —245.7452 -0.31 0.00
7 -245.7453 -0.13 —245.7453 -0.13 0.00 —245.7452 0.00 —245.7452 0.00 0.00
Av=-0.07 Av=-0.07 Av=-0.16 Av=-0.16
2 — — 0.00 — — 3.45
3 -245.7463 — —245.7463 — 0.00 —245.7472 — —245.7527 — 0.00
g+g+ 4 -245.7479 -1.00 —245.7479 -1.00 0.00 —245.7468 0.25 —245.7468 3.70 0.00
g-/g— 5 -245.7488 -0.56 —245.7488 -0.56 0.00 —245.7480 -0.75 —245.7480 -0.75 0.00
(o) 6 —245.7493 -0.31 —245.7493 -0.31 0.00 —245.7491 -0.69 —-245.7435 2.82 3.51
7 -245.7499 -0.38 —245.7499 -0.38 0.00 —245.7551 -3.77 —-245.7551 -7.28 0.00
Av=-0.56 Av=-0.56 Av=-1.24 Av=-0.38

Abbreviation: HF, Hartree-Fock.
SEmw) = Ew), 0-Eqw), 1)y 3Em®) = ER), wE®), (c1)-
PABE (L) =SEm(w), (0-SEm(L), 1), ABEm®) =Em), (0 -SEm(R), (1)
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The convergent calculations for the 4- to 7-mer were carried out in
order by using the same methods as those used for the 3-mer. As
shown in Tables 2 and 3, the number of conformers decreased as the
monomer unit number (x) increased. The number of ‘amide type’
conformers with left- and right-handed conformations did not change
for chains longer than 4-mer and 5-mer, respectively. The number of
‘methyl type’ conformers did not change for chains longer than the
5-mer.

As shown in Tables 2 and 3, the conformers of the 4- to 7-mer
converged to three @/y types as follows: helix (g+/g+ or g—/g—,
hereafter referred to as a-helix), extended helix-like (g+/g— or g—/g
+, hereafter referred to as polyproline II—like or PPII-like), and
extended (t+/t— or t—/t+, hereafter referred to as p-extended) in
order of decreasing energy. These results support the ‘o-helix
preferable’ of polyalanine.'®!” In the conformers smaller than the
3-mer, PPII-like (or P-extended) is more stable than the o-helix.
This result indicates that the main conformation is affected by the
monomer unit number during chain propagation. For the conformers
designated as left-handed [+120° of Ty(y)], the left-handed rotational
directions (t+/t—, g+/g—, or g+/g+) are more stable than the right-
handed ones (t—/t+, g—/g+, or g—/g—) for each end group type.
However, for the conformers designated as right-handed [ — 120° of
(m))> the right-handed rotational directions are more stable than the
left-handed one for each end group type. The effects of the rotational
directions on the @/y types were determined. In the PPII-like
conformers of the ‘amide type’ over 4-mer, as shown in Table 2,
the models designated as right-handed converged to left-handed
models (4A2-5, 5A2-4, 6A2-4, 7A2-4: g+/g—), resulting in more
stable right-handed models (g—/g+) even though the models desig-
nated as left-handed converged only to left-handed models. For the
‘methyl type’, as shown in Table 3, the a-helix over 4-mer designated

1 [ ¢ t+t- W g+g- 4 g+g+
0.54
0 * 4 * 4
u u [ ] [ ]

H e

35 3 4 5 6 7

Monomer unit number: x
xA1 (left-handed “amide type”)

¢ t+t- W g+g- 4 g+0+

Conformational analyses of an alanine oligomer
M Kobayashi et al

-3 L L L L

2 3 4 5 6 7

Monomer unit number: x
xM1 (left-handed “methyl type”)

Figure 1 Relationships between the energies (AE: kcal per m.u.) and monomer unit numbers (x) of conformers. A full color version of this figure is available

at Polymer Journal online.

as right-handed converged to the left-handed models (4M2-6, 5M2-4,
6M2-3, 7MA2-3: g+/g+), resulting in more stable right-handed
models (g—/g—) even though the models designated as left-handed
converged only to left-handed models. These results may be related to
the method of designation for the rotational directions but the details
remain unclear.

The effects of the calculation methods on the optimizations were
examined by using B3LYP/6-31+G (d, p) for the left-handed ‘amide
type’ 5-mer (5A1-1, 5A1-2 and 5A1-3 in Table 2). The @/y types were
not affected by the calculation method, and the energy levels of the
three conformers (AE: —0.48, — 0.5 and 0) were nearly the same using
the RHF/6-31G methods.

Energy analyses
In this section, the energies of the three conformer types (that is,
B-extended, PPII-like and a-helix) during chain propagation are
discussed.

In Table 4, the formation energies (E) of the three conformer types
of the 2- to 7-mer are shown. All of the Eq) and E(gy values are
provided in the supporting information (Supplementary Table SI).
For the ‘amide type’, no energy differences were observed between the
left- and right-handed models (that is, the values of Ery—Eq) are
zero). However, for the ‘methyl type’, the energy values of the left- and
right-handed are different for the 2-, 3- and 4-mer with p-extended
conformations and the 2- and 6-mer with o-helix conformations.
These results indicate that the conformational structures of the ‘methyl
type’ are different during chain propagation compared with those of
the ‘amide type’.

The energy changes with an increase in the monomer unit number
(x), 8E,, (HF) and the differences in 8E,, between x-mer and (x-1)-
mer (A(SE,,) (kcal mol~1)) are listed in Table 4. The A(SE,,) values
1 i ¢ t-t+ m g-g+ ~ g-0-

0.5

2 < * ¢
L | u u |

-3 L L L L
2 3 4 5 6 7

Monomer unit number: x
xA2 (right-handed “amide type”)

1 [ ¢ t-t+ mg-g+ ~ g-0-
0.5
’;:‘ 0o ‘ # 2 * *
£ -0.5F
© -1
o n |
£ 15} -
9 2t
25F
_3. 1 1 1 1 )

2 3 4 5 6 7
Monomer unit number: x

xM2 (right-handed “methyl type”)
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of the B-extended conformers are negligible, except for the right-
handed ‘methyl type’. The A(SE,,) values of the PPII-like and a-helix
conformation of the ‘amide type’ are —0.13 to 0.00 and —1.00 to
—0.31, respectively. The A(SE,,) values of the PPII-like conformations
are not very large. However, the A(SE,,) values of the a type are
clearly negative, indicating that this type of oligomer is more stable as
x increases because of the intramolecular hydrogen bonds between the
distant monomer units.

In Figure 1, the energy differences (AE) between PPII-like and
f-extended and between a-helix and p-extended are plotted as a
function of x. The AE values for the a-helix conformations decrease as
x increases independent of the rotational directions and end group
types. However, the AE values of the PPII-like conformations do not
change with x in the ‘amide type’, and in the left-handed ‘methyl type’,
the AE values increase as x increases. The AE values of the PPII-like
conformations of the right-handed ‘methyl type’ are scattered as a
function of x because of the large A(SE,)values of the p-extended
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a-helix (¢/W=g-/g-, No. 4A2-1,

Figure 2 Examples of the structure and hydrogen bonds of the 4-mer (right-
handed ‘amide type’). In the p-extended conformer, each structural
parameter is given as follows: y;: C1C2-N3C4; ¢1:C2N3-C4C5; w1:N3C4-
CBN7; 7141:H25N3-C4C6; and L: dnsc17. Each strong hydrogen bond is
shown as follows: ﬁ—extended: dH25-OZ7 (2.17 A), dH31-033 (2.16 A), dH37-O39
(2.15A) and duazoss=(2.16A); PPIl-like: dyzi.o2a (2.10A), duaz.0p7
(2.09A), dpszoss (2.10A) and dpysgosze=(2.11A); and o-helix:
da7-024 (2.17 A), dhas.o27 (2.24 A) and dyag.033 (2.24 A), refer to Table 9.
A full color version of this figure is available at Polymer Journal online.
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conformations (see Table 4). These results indicate that the alanine
oligomer is ‘a-helix preferable’ during chain propagation.

Structure analyses
In this section, the structural parameters and intramolecular hydrogen
bonding in the converged conformers are discussed.

Structure parameters. The structural parameters of the three types of
right-handed 5- to 7-mers are shown in Table 5 because all of the
parameters did not changed because of the rotational directions or end
group type. The y, values are in the range of + 167°, which is nearly
equal to m, because of the conjugation property of the peptide group
(CO-NH). All of the p-extended conformation of the ‘amide type’ had
nearly equal ¢ and y values of approximately —160° and 164°,
respectively. The PPII-like conformations of the ‘amide type’ had
nearly equal ¢ and y values of approximately —85° and 68°,
respectively, irrespective of the length and position. The o-helix
conformations had nearly equal ¢ and y values of approximately
—63° and —20°, respectively, except for those one or two monomer
units from the carbonyl terminal group. These results are underline in
Table 5 and are because of intramolecular hydrogen bonds. The
methyl type oligomers exhibited nearly the same tendency except that
they had slightly different ¢ and  values one or two units from the
amide terminal group in addition to the carbonyl terminal group. The
main chain of the ‘methyl type’ largely kinks at the N-end. This kink
may be because of the lack of a peptide group at the N-end of the
‘methyl type’. We previously reported’ that in the conformational
calculations for isotactic methyl methacrylate oligomer models (3- to
7-mer) using QCCs, some stable conformers kinked at the end of the
chains in addition to those without kinks, and these kinked structures
are consistent with those observed in this study. The results reported
in Tables 2 and 3 where the number of ‘methyl type’ conformers is
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N P N | F P S S P S S P K
L. . - . . o . 4 T -\
- % b

* ”i:
- L .« A . - ‘»%‘1
@ - - a w » 3
b
IS [ L -
4 3 s Pl e AL
* +
2 ) < »r
PPll-like, /W = g-/g+
.
" " 3 gt
- E ]
e ' [
: : 4-..‘0‘_'». L ':,
o .0 M Wogt L Q"Q'é;‘l" ”
-‘ﬂ . 4 s & ¥ o
. ®

o-helix, o/W = g-/g-

Figure 3 Right-handed structures optimized for the ‘amide type’ 7-mer. Left
and right figures show the stereo oblique and chain axis projections,
respectively. Each averaged value of y/@hy is shown as follows: (t+/t—/t+):
176.6/-1569.7/164.0; (t—/g—/g+): —173.4/-85.6/68.3; and (t—/g-/g-)
type: —173.8, —68.3/-16.0. A full color version of this figure is available
at Polymer Journal online.
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Table 6 Comparison of @/y values (°) calculated for 7-mer with those values reported for alanine oligomers

Types Calculated for 7-mer Reported for alanine oligomers

B -161/162 125 (@)° -120/130° -134/1459 —139/135¢

PPII —85/62(PPlI-like) —70/145 +20° —-60/140¢ —75/1454 —-75/145® [-78/59 (2.27 ribbon)If
o -70/-16 —-80/-50 (ar)® -60/-40¢ -57/-47¢

@The values of @/y were averaged for each ¢ and  value of right-handed ‘amide type’, by RHF/6-31G. Refer the foot note of Figure 3.

bShi, et al.3, by HI-NMR (in D,0), x=7.

CGraf, et al.?, by MD/NMR, x=3-7.

dMirkin, et al.”, by QCC, x=1-7.

®Kentsis, et al.8, by MD and Monte Carlo, x=7 and 14.
fListed as one of the /iy type of peptides.!®

Table 7 Examinations of PPIl conformation (model: left- and right-handed ‘amide type’ of 5-mer)

Dihedral distributions: (pnAys)s, (°)

Methods of calculations (designated model? Formation energies E (HF) In, Av (=175) @n, av (—60) Wn, Av (140) @Ay types (g—/t+, PPII)
For the model designated with left-handed
A RHF/STO-3G —1457.4446 158.0 -57.8 -174.0 g-/t—
B A— RHF/6-31G —1475.6049 -175.3 -74.6 55.3 g—/g+ (PPIl-like)
C A—B3LYP/6-31G —1484.7280 -174.8 -71.7 55.3 g—/g+ (PPIlI-like)
D A— B3LYP/6-31+G (d,p) —1485.2784 -174.5 -72.9 53.2 g—/g+ (PPIl-like)
E RHF/6-31GP —-1475.6049 -174.7 -74.6 55.3 g—/g+ (PPIl-like)
B (bA1-3) —-1475.6177 -176.9 159.6 -163.8 t+/t— (B-extended)
B (5A1-2) -1475.6206 174.6 85.3 -68.8 g+/g— (PPIl-like)
For the model designated with right-handed
A RHF/STO-3G —1457.4571 160.2 -86.8 159.6 g—/t+ (PPII)
B A— RHF/6-31G —-1475.6177 176.7 -159.6 163.8 t—/t+ (B-extended)
C A— B3LYP/6-31G —1484.7324 177.1 -163.4 169.1 t—/t+ (B-extended)
D A— B3LYP/6-31+G (d,p) —1485.2890 175.3 -156.4 162.7 t—/t+ (B-extended)
E RHF/6-31GP -1475.6163 -178.7 -144.6 155.5 t—/t+ (B-extended)®
B (5A2-3) -1475.6177 176.7 -159.6 163.8 t—/t+ (B-extended)
B (bA2-2) —1475.6206 -173.6 -85.3 68.8 g—/g+ (PPIl-like)
aFrom.®

bCalculated without through RHF/STO-3G.
¢Kinked in C-end (¢p5=-85.7°, y5=74.9°).

larger than the number of ‘amide type’ conformers, are related to
these results, and therefore, the ‘methyl type’ had many local
minimums.

As shown in Table 5, the chain lengths of the PPII-like and a-helix
conformations are approximately 20 and 40%, respectively, smaller
than the chain lengths of the p-extended conformations. The dipole
moments of the PPII-like and a-helix conformations are approxi-
mately 40 and 140%, respectively, larger than the dipole moments of
the p-extended conformations. These results indicate that the intra-
molecular interactions decrease in the order of a-helix, PPII-like and
extended chains.

Figures 2 and 3 show the structures of the right-handed ‘amide type’
4- and 7-mers, respectively. As shown in Figures 2 and 3 as well as
Table 5, the calculated fB-extended (t—/t+) and a-helix (g—/g—)
correspond to the parallel p-extended and the right-handed o-helix
og-helix, numbers of amino acid residue in one turn: 3.6, whose
structures are typical second-order peptide structures. The PPII-like
(g—/g+) calculated shows an extended helical structure and is like the
PPII (g—/t+, extended helix-like), respectively, which is a typical
second-order structure of peptides. The PPII-like conformer is
considered to be a 2.2; ribbon (g—/g+)!® because the numbers of
amino acid residue in one turn and the atoms in the structure cyclized
by a hydrogen bond are close to those of the 2.2; ribbon.

Polymer Journal

Table 6 provides a comparison of the ¢/y values of 7-mers
with those reported for alanine oligomers. The @/y values of the
B-extended and o-helix conformations in this study are nearly the
same as those previously reported. However, the PPII-like conforma-
tion is different from the previously reported PPII. Shi et al. reported
125°<y<165° when ¢=-70° for the PPII conformation of an
alanine heptamer based on H! NMR (in D,0) measurements.
Graf et al.® calculated the ¢ and y values of the PPII conformer of
the alanine trimer by using MD and obtained —90°< @< —25° and
80° <y < 160° based on the Ramachandran probability distributions.
Based on these results, the @/y values were determined to be —60°/
140° for the PPII conformer of alanine oligomers. Mirkin et al”
reported the @/y values of —75°/145° for the PPII conformer
optimized using ab initio calculations (that is, B3LYP/6-31+G*).
However, in this study, the PPII conformer was not obtained for
the 3-mer to 7-mer even though it was obtained for the 2-mer, as
shown in Tables 2 and 3. The PPII type models (2A1-10: g—t+,
2M1-5: g+t—, and 2M2-7: g—t+) of the 3-mer (3A1-4, 3M1-6, and
3M2-7) became PPII-like (g—/g+) or P-extended (t+/t—, t—/t+)
conformers.

The PPII conformations were calculated using the left- and right-
handed ‘amide type’ models of the 5-mer with ¢ and y values of —60°
and 140°, respectively, for the PPII type® using (A) RHF/STO-3G, (B)
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Table 8 Intramolecular hydrogen bonds in left-handed conformers of ‘amide type’ (No: xA1-), CH3COO-[NHC*(CH3)CO!-NH2C*(CH3)CO?%-

NH3C*(CH3)CO3-NH4C*(CH3)CO*-NH5C*(CH3)CO%]-NH6CH3

Distances between H and O atoms : dy.o (A, < 3.0)

No. Type of gy Pattern ‘A’ Pattern ‘B’ Pattern ‘'C
2A1-2 B, t+t— du1.01(2.18), dip.0p(2.17)
2A1-1 PPIl-like, g+/g— dn2-00(2.14), dyz.01(2.12)
2A1-4 o, g+/g+ ng,oo(2.98) dH3,oo(2.18)a
3A1-2 B, t+/t— dy1-01(2.18), d2.02(2.16), dyz.03(2.16)
3A1-1 PPII-like, g+/g— dn2-00(2.11), dyz.01(2.11), dng.02(2.12)
3A1-3 a, g+/g+ dH2-00(3-OO)r dH3-01(3-OO) dH3-OO(2-17)bv dH4_01(2.26)b
4A1-3° B, t+/t— di11:01(2.17), dup.02(2.16),
di3.03(2.15), duaoa(2.16)
4A1-2¢  PPll-like, g+/g— di12.00(2.10), di3.01(2.09), da.02(2.10), ds.03(2.11)
4A1-1¢ o, g+/g+ dH2.00(2.99), dH3-Ol(3-OO) dH3-OO(2-17) b, dH4.o1(2.24)bY
dus.02(2.24)P
5A1-3 B, t+t— dn1-01(2.17), dn2.02(2.16), dyz.03(2.15),

dha04(2.15), dus.05(2.15)
5A1-2 PPIl-like, g+/g—

H5Al1-1 o, g+g+

dH2-00(2.10), dy3.01(2.08), dHa.02(2.08),
dns-03(2.10), dye.04(2.11)
dH2-00(3.00), dy3.01(2.99)
dn3.00(2.14)°, dya01(2.24)P,
dh5.02(2.21)°, dye03(2.22)P

2ny, (Numbers of atoms in structure cyclized by hydrogen bond)=10.
bn, = 12.°Refer Figure 2.

Table 9 Intramolecular hydrogen bonds in left-handed conformers of ‘methyl type’ (No: xM1-), CH3-INH1C*(CH3)CO1-NH2C*(CH3)CO2-NH3C*

(CH3)CO3-NH4C%CH3)CO*-NH5C*(CH3)CO%]-NHSCH;

Distances between H and O atoms : dy.o (A, < 3.0)

No. Type: pphyn Pattern ‘A’

Pattern ‘B’ Pattern 'C'

2M1-7 B, t+/t— dp1.01(2.42), dyp.02(2.19)

2M1-1 PPIl-like, g+/g—

2M1-3 o, g+/g+

3M1-6 B, t+t— dp1.01(2.41), dy2.02(2.18), dyz.03(2.17)

3M1-1  PPll-like, g+/g

3M1-2 a, g+/g+

4M1-5 B, t+t— du1.01(2.41), dy2.02(2.18), dyz03(2.16), dyg.04(2.16)

4M1-1 PPIl-like, g+/g—

4AM1-2 o, g+/g+

5M1-3 B, t+t— dp1-01(2.54), dy2.02(2.40), dys.03(2.54),
dp4.04(2.54), dys.05(2.54)

5M1-2 PPIl-like, g+/g—

5M1-1 o, g+/g+

duz01(2.12)
dp3-01(1.99)

dH3.01(2.11), dna-02(2.11)
dp3.01(2.98) dn4.01(2.15)2

dy3.01(2.08), dys.02(2.10), dys.03(2.11)
dn3-01(3.00), dya.02(3.00) dua01(2.14), dys 02(2.25)2

dy3.01(2.07), dya-02(2.08),

dus.03(2.10), dyg0a(2.11)

dn3-01(2.99), dya.02(3.00) dpg.01(2.13)2, dys.02(2.23)2,
dpe.03(2.24)2

2ny, (Numbers of atoms in structure cyclized by hydrogen bond)=12.

RHF/STO-3G followed by RHF/6-31G, (C) RHF/STO-3G followed by
B3LYP/6-31G, (D) RHF/STO-3G followed by B3LYP/6-31+G(d,p)
and (E) RHF/6-31G. As shown in Table 7, the PPII models converged
to PPII-like (g—/g+) or P-extended (t—/t+) structures, except for
when method (A) was used, which resulted in the g—/t+ conformer.
These results indicate that the PPII conformation of the alanine
oligomer in gaseous phase disappeared during chain propagation
when method (B) was used. It is important to note that the PPII type
conformer is obtained only when method (A) (STO-3G instead of
6-31G) was used for the right-handed model.

Intramolecular hydrogen bonding. Peptides form intramolecular
hydrogen bonds between the NH hydrogen and the carbonyl group
in neighboring peptide groups. Examples of hydrogen bonding are
shown in Figure 2. The hydrogen bonding can be classified into three
patterns as follows: ‘A’, ‘B’ and ‘C’, as shown in Tables 8 and 9. Pattern
‘A’ was observed in the p-extended conformation and has the numbers
of atoms (ny,) in cyclized structure by hydrogen bond of 5 (hydrogen
bond in the same monomer unit). Pattern ‘B’ (n, = 7: hydrogen bond
between the adjacent unit) and ‘C’ (n,=10-12: hydrogen bond
between units separated by 2 or 3 units) were observed in the PPII-
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like and a-helix conformations, respectively. Because the length of the
hydrogen bond (dgy.0) is less 3 A (a-helix: diy.o=2.08 A!8), the bonds
with dy.o less than 3.00 A are shown in the tables, and each dy.o
value is classified into three ranges as follows: 1.99-2.26 A, 2.42-2.54 A
and 2.98-3.00 A.

In the ‘amide type’ conformer, the numbers and patterns of
hydrogen bonds were not affected by the rotational directions, and
therefore, only the results for the left-handed conformers are shown in
Table 8. In the B-extended conformation, strong hydrogen bonds of
type ‘A’ with dy.0=2.15-2.18 A were formed. In the PPII-like
conformation, strong hydrogen bonds of type ‘B’ with dy.o=2.08-
2.14 A were formed. However, in the o-helix conformations, both ‘B’
with di.0=2.98-3.00A (week) and ‘C with dy.o=2.14-2.264
(strong) hydrogen bonds were formed. In pattern ‘C’, the hydrogen
bonds are formed between the amino acid units separated by 2 or 3
units, and in the 2-mer and 3- to 5-mers, the numbers of atoms (ny,)
are 10 and 12, respectively. Because the AE values for the a-helix
conformation decrease as x increases (see Figure 1), it is estimated that
the stability of the a-helix conformation during chain propagation
resulted in pattern ‘C’ with strong integrated intramolecular hydrogen
bonding.

In the ‘methyl type’, as shown in Table 9 (left-handed as an
example), the numbers and patterns of the hydrogen bonds are
different from those in the ‘amide type’. First, in all of the p-extended
conformations, ‘A’ type hydrogen bonds (dpj.0;=2.16-2.544)
between the N-end (NH) and the neighboring peptide group were
formed. Second, in the 2-mer with the left- (2M1-3) and right-handed
(2M2-13) a-helix conformations, strong ‘B’ type hydrogen bonds
(dir3.01=1.99 A) and ‘A’ type hydrogen bonds (diyy.02 =2.17 A) were
formed, respectively, and no ‘C’ type hydrogen bonds were observed.
Third, the hydrogen bonding is affected by the rotational direction. In
the 2-mer with the right-handed a-helix (2M2-13) conformation, a
weak ‘A’ type hydrogen bond (dg.0;=2.59 A) between the N-end
and the peptide group was formed but in the left-handed (2M1-3)
conformation, this hydrogen bond was not formed.

The unique energies and conformation of the ‘methyl type’ are
related to these results compared with the ‘amide type’. Because the
‘methyl type’ is more synthetically primitive than the ‘amide type’ end
group, the results calculated for the ‘methyl type’ are very interesting.
It has been reported' that the conformation of a hydrated alanine
oligomer is affected by the structures of the end groups. In general, the
conformation of an a-helical peptide is strongly affected by hydration.
Therefore, we are planning to estimate the conformational end group
effects in oligopeptides during hydration based on the results obtained
in this study.

CONCLUSION
The conformational convergent calculations of alanine oligomers from
2- to 7-mer were performed using QCCs.

The numbers of conformers decreased with increases in the
monomer unit numbers, and the dihedral angle distributions (/)
of the 4- to 7-mers converged to three types (that is, a-helix (g+/g+ or
g—/g—), PPII-like (g+/g— or g—/g+) and p-extended (t+/t— or t—/t+)
in the order of decreasing energy). The stabilities (AE) of the
a-helix conformations increased with increases in the monomer unit
numbers. These calculated results supported ‘a-helix preferable’ of

polyalanine because of the strong intramolecular hydrogen bonds
between amino acids located two units apart. The @/y types of
ag-helix (g—/g—) and B-extended (t—/t+) calculated were the same
as previously reported values obtained by experiment and calculations
for alanine oligomers. However, the PPII-like (g—/g+) conformation
was different from the reported PPII (g—/t+) conformation and is
considered to be a 2.2; ribbon (g—/g+) because of the number of
amino acid residues in one turn and the atoms in structure cyclized by
hydrogen bonds were close to those of the 2.2; ribbon.

Differences between the numbers of convergent conformers,
energies and structures of the ‘amide type’ and ‘methyl type’ were
found. The number of converged ‘methyl type’ conformers was larger
than the number of ‘amide type’ conformers. No energy differences
[Er)—E(1)] between the left- and right-handed ‘amide type’ confor-
mers were observed. However, the ‘methyl type’ conformers con-
verged to p-extended and a-helix conformations. The main chain of
the ‘methyl type’ conformer largely kinked at the N-end. These results
are related to the properties of the ‘methyl type’ because of the
structure of the N-end and the intramolecular hydrogen bonding.
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