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Protein folding is a fundamental problem in life sciences. It is
generally known that nonlocal interactions determine the folding
conformation to the context of the folding process.1,2 As the most
common regular secondary conformation in proteins, the helix
has been an important ingredient of the protein folding problem.3

In particular alanine-based polypeptides are widely studied to
identify the helix-folding process in that the alanine amino acid
is known to have one of the highest helix propensities. In principle,
intrinsic helix propensities can be obtained from gas-phase
measurements where the solvent effect is absent. Hudgins et al.
studied alanine-based peptides in vacuo using the high-resolution
ion mobility measurement technique.4 It was reported that
introduction of a single lysine at the C terminus (to form Ac-
An-LysH+) resulted in the formation of very stable, monomeric
polyalanine helices.5 Here, we have investigated (using ab initio
calculation and simulaton approach) the helix formation in vacuo
in different terminal charge conditions from those of Hudgins et
al.5 Then we have found a new type of helix motif. To the best
of our knowledge, this type of helix conformation (to be named
λ-helix) has not been characterized before.

It has been reported that ab initio calculations and simulations
can produce helical structures with use of alanine-based se-
quences.6 Further, a recent computation study showed that proteins
with other amino acid sequences can be designed to adopt the
desired structures.7 We have carried out ab initio calculations
(Gaussian 98)8 and molecular dynamics (MD) simulations
(CHARMm9 V26 with the CHARMM22 parameter set10) of
alanine-based polypeptides. Two terminal conditions are inves-
tigated: H3N+-RH-CO-[NH-RH-CO]n-2-NH-RH-COO-

(NH3
+-An-COO- in short) and H3CCO-[NH-RH-CO]n-NH2

(CH3-An-NH2 in short). While theR-helices are observed in
the latter case, the unusually stableλ-helix formation is observed
in the former case. This left-handedλ-helix (λL-helix or 619-helix)
is shown together with a right-handedR-helix (RR helix) in Figure

1.11 A Ramachandran plot to represent various protein secondary
structures is given in Figure 2. TheλL-helix has five residues per
turn with H-bonds between NH of residuen and C′dO of residue
n + 4. A right-handedλ-helix is, however, not observed in our
simulations due to the close approach of the side chains and the
C′O group of L amino acids (as the left-handedR-helix is not
observed in the experiments).

Our ab initio and simulation results show that theλL-helix is
lower in energy than theRR-helix when both ends are charged
(Table 1). The Becke-3 parameters with Lee-Yang-Parr func-
tionals (B3LYP) using the 6-31G* basis set show that theλL-
helix with charged ends (NH3+-An-COO-) is more stable than
the neutralRR-helix (NH2-An-COOH) by∼2 kcal/mol forn )
8, which implies that the zwitterionicλL-helix can exist in the
gas phase as a global or at least a local minimum energy structure.
The existence ofλL-helix is ensured from the all-positive
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Figure 1. The idealizedλL-helix pattern for NH3
+-A15-COO- (a), the

idealizedRR-helix pattern for CH3-A15-NH2 (b), and theλL-helix pattern
from the NH3

+-A30-COO- MD simulation (c). The idealizedλL- and
RR-helices have (φ, ψ) angles of (-100°, -80°) and (-57°, -47°),
respectively.

Figure 2. Ramachandran plot for protein secondary structures composed
of alanine amino acids. The dots indicate the (φ, ψ) angles of theλL-helix
from the NH3

+-A30-COO- MD simulation. The circles indicate the
standard angles of the secondary structures. (-57°, -47°): right-handed
R-helix (R). (-119°, 113°): parallelâ-pleated sheet (â). (-139°, 135°):
antiparallelâ-pleated sheet (â′). (-49°, -26°): right-handed 310-helix
(3). (-57°, -70°): right-handedπ-helix (π). (-78°, 59°): 2.27 ribbon
(2). (-79°,150°): left-handed polyglycine II and poly-L-proline II helices
(II ). (-51°, 153°): collagen (C). (57°, 47°): left-handedR-helix (RL).
(-100°, -80°): left-handedλ-helix (λL). (100 o, 80 o): right-handed
λ-helix (λR).
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frequencies at the Hartree-Fock (HF/3-21G) level forn ) 8.
For long, charged chains, the coiled salt-bridge (SB) structures
can be much lower in energy thanRR-helices, and could be lower
thanλL-helices. When the tendency to form SB is suppressed by
the presence of surrounding molecular environments,λL-helices
would be the lowest energy structures even for long chains. Thus,
theλL-helix motif could play an important role in protein folding.

The dipole of anRR-helix (∼3.5 D per amino acid residue)
generates an electrostatic field along the helix axis, producing an
effective positive charge at the amino end and an effective
negative charge at the carboxyl end.6b This dipole alignment
enables the helix motif to be extended up to a long distance in
the same direction. However, when both terminals of the helix
are positively and negatively charged, respectively, the orientation
of helix dipoles is restricted to the same direction of electric field
between the end charges. In the case ofRR-helix with charged
ends, the directions of the helix dipole and the electric field are
opposite, and so it is unstable. In the case of theλL-helix, the
direction of the helix dipole is the same as the electric field, which
stabilizes the structure through the charge-dipole interaction.12

The orientation of theλL-helix is not observed in any other helix
conformations. Aπ-helix shows a similarity in shape, however,
the peptide unit dipole direction of theπ-helix is opposite to that
of the λ-helix.

In many previous MD simulations, the right-handedR-helix
patterns are found in the neutral terminal charge conditions of
CH3-(A)n-NH2.6d However, in charged terminal conditions, we
find that theλL-helix is formed. Starting with a fully extended
linear structure, a completeRR-helix is formed at∼1.8 ns in the
CH3-A15-NH2 simulation and a completeλL-helix is formed at

∼3.0 ns in the NH3+-A30-COO- simulation. During the helix-
folding process, helix-nucleation first occurs at the terminal sites
(in particular, near the N-terminus in the case of theλL-helix)
and it promotes the propagation of the helix pattern along the
segment (Figure 3). In both types of simulations only the terminal
composition is different. Therefore, the handedness of the final
conformation is related to the terminal charge conditions. The
propagation of the helix pattern along the segment clearly shows
that sequential local interactions determine the nascent folding
patterns of the protein. The initial folding in theλL-helix arises
from the electrostatic interactions of the positively charged NH3

+

group with the adjacent carbonyl dipole moiety, followed by the
dipole-dipole interactions between two adjacent carbonyl moi-
eties. Our study using the semiempirical approach also indicates
the fold-induced folding that is propagated by the initial folding
arisen from the charge (NH3+)-dipole (CO) interactions, followed
by two adjacent carbonyl moiety interactions.13

In conclusion, we have found that, in the presence of charged
terminal ends, an unusual helical motif, a left-handedλ-helix, is
much more stable than a right-handedR-helix. This result could
be useful for protein folding study, in particular, in the gas phase
and in the nonpolar solvent environments,13 in consideration of
the recent development in gas-phase experiments.5 The terminal
end patching approach (using different charge conditions) could
be utilized to control the handedness of protein folding as well
as unfolding in nonpolar protein terminal segments.
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(12) Besides, in the chargedλL-helix, the electric field is stronger than in
the chargedRR-helix because of the shortened distance between two opposite
charges (by∼25%), which makes the charge-dipole interaction stronger.

(13) We have also conducted sets of MD simulations in water. The MD
simulations of∼2 ns did not show significant conformational changes in both
λL- andR-helices. Although a chargedR-helix is unstable in the gas phase, it
is still intact in water; the water molecules around the terminal ends prevent
the effects of excessive charges introduced by the terminal ends. Therefore
the terminal charge-induced folding/unfolding mechanism might not be
effective in the aqueous solvent environment. However, it could be effective
in nonpolar solvent environments, because the property in this case would be
more similar to that of the gas phase. In the aqueous simulation, both terminals
are almost capped by the charged ion-water interactions, and no water is
found inside theλ-helix.

Table 1. Relative Stabilities (kcal/mol) ofR, λ, and SB Structures
in Charged (NH3+-An-COO-) and Uncharged (CH3-An-NH2)
Statesa

n ) 8 n ) 15 n ) 30

Alan ∆Ec ∆Eu ∆Ec ∆Eu ∆Ec ∆Eu

MD (0 K): λ: R 23.1 16.9 157.9 34.6 150.7 42.6
MD 0 K): λ: SB 2.9 17.3
MD (300 K) 6.3 48.5 83.0
B3LYP/6-31G*//HF/3-21G 3.4 16.8 0.3 35.8
B3LYP/6-31G* 1.7 15.2

a ∆Ec is E(chargedRR/SB) - E(chargedλL); ∆Eu is E(uncharged
λL) - E(unchargedRR). MD simulations (300 K) were carried out for
5 ns, while the last 1 ns was used for sampling. Then, the final structures
as well as other well-equilibrated low-energy structures were energy-
minimized (0 K). The lowest energy structures were found to beλL-
helices and SB structures. These relative energies listed in the 2nd row
of MD (0 K) are quite different from those listed in the first row of
MD (0 K) whose structures were optimized starting from their idealized
(φ, ψ) angles in Figure 1. Thus, in the first and second rows of MD (0
K), λL-helices were compared withRR-helices and SB structures,
respectively. This results in large variations in∆Ec. However,∆Eu

shows little variation because unchargedR- and λ-helices are little
changed from their idealized structures. With the terminal charges,RR-
helices are much less stable than SB structures, whileλL-helices are
quite stable. B3LYP/6-31G*// HF/3-21G values denote the single-point
energies (B3LYP/6-31G*) at the HF/3-21G optimized geometries, while
the B3LYP/6-31G* energies were obtained at the B3LYP/6-31G*
optimized geometries. In these cases, for the charged ends, the energies
of λL-helices were compared with those of SB structures, sinceRR-
helices with charged ends were not stable. With charged ends, the
energies of SB structures are considered to be the lowest next to those
of λL-helices (or could be the lowest in the case of long chains). The
average H-bond distance and angle of theλL-helix for n ) 8 are 1.93
Å and 59° (B3LYP/6-31G*).

Figure 3. Selected snapshots from MD trajectories. AnRR-helix (a) and
a λL-helix (b) are produced by the CH3-A30-NH2 and the NH3

+-A30-
COO- simulations, respectively.
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