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Understanding the factors that stabilizeR-helices is critical to
understanding protein folding.1 Structure and sequence informa-
tion for naturally occurring proteins has revealed a preference
for certain amino acids inR-helices.2 Thus, many studies have
focused on the individual effects of the amino acids onR-helix
stability,3,4 and algorithms have been developed that can predict
helix content.5 Monte Carlo simulations have indicated that side
chain entropy opposes helix formation and can account for most
of the differences in the helix-stabilizing/destabilizing effects of
the natural amino acids.6,7 Specifically, side chain entropy predicts
a helix propensity scale with Ala> Leu > Val. The main
complication in solution studies ofR-helix stability is that the
solvent environment can change the helix-stabilizing/destabilizing
tendencies of the amino acids.8,9 Factors such as the solvation of
the helix backbone may also play a role in the ability of a
particular amino acid to stabilize anR-helix in solution.10 By
studying unsolvated peptides, the intrinsic factors leading to
R-helix stability can be elucidated.11 Here we report on the
conformations of unsolvated leucine-based peptides and compare
them to previous studies of the conformations of unsolvated
glycine-, alanine-, and valine-based peptides.12-14 The results show
that leucine forms helices more readily than alanine, but less
readily than valine (Val> Leu > Ala). This indicates that side
chain entropy is not the determining factor in helix formation in
unsolvated peptides. The results of molecular dynamics simula-

tions suggest that the controlling factor is the stability of the
globular state (a compact three-dimensional geometry). Residues
that make poor (high energy) globules are good at making helices.

Information about the conformations of unsolvated peptides
was obtained from high-resolution ion mobility measurements.15

The mobility of an ion in the gas phase depends on its average
collision cross section with a buffer gas, which in turn depends
on its structure.16-18 The experimental apparatus consists of an
electrospray source followed by a 5 cmlong ion gate and a 63
cm long drift tube containing helium buffer gas. The pressure in
the drift tube is slightly above atmospheric pressure so that a
steady flow of helium (∼2000 sccm) through the ion gate prevents
neutral molecules from entering the drift tube. A drift voltage of
10 000 V is divided across 46 guard rings, providing a uniform
electric field along the drift tube axis. After traveling through
the drift tube, some of the ions exit through a small aperture (0.125
mm in diameter), where they are then focused into a quadrupole
mass spectrometer and detected by an off-axis collision dynode
and dual microchannel plates. The measured drift times are
subsequently converted into collision cross sections for further
analysis. All the peptides studied here were synthesized on an
Applied Biosystems Model 433A peptide synthesizer using
FastMoc(a variant of Fmoc) chemistry.

Relative cross sections for Leun+H+, Ac-Leun+H+, Ac-Lys-
Leun+H+, and Ac-Leun-Lys+H+ are shown in Figure 1. The
relative cross section scale used isΩrel ) Ωmeas - 21.03NL -
22.08NK, whereNL andNK are the number of leucine and lysine
residues, respectively, 21.03 Å2 is the cross section per residue
determined for an ideal polyleucineR-helix, and 22.08 Å2 is the
average increment in the cross section for a C-terminus lysine.
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Figure 1. Relative cross-sections plotted against the total number of
residues (excluding the acetyl group). The relative cross-section scale
(in Å2) is given byΩrel ) Ωmeas- 21.03NL - 22.08NK, whereNL is the
number of leucine residues andNK is the number of lysine residues.
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When plotted in this way,R-helices have relative cross sections
that are nearly independent of the peptide size, while globules
have relative cross sections that decrease sharply with increasing
size.

Of the leucine-based peptides we have examined, Ac-Leun-
Lys+H+ is the most likely to form a helix as the protonated lysine
side chain can cap the C-terminus and interact favorably with
the helix macrodipole.19 The relative cross sections for Ac-Leun-
Lys+H+ (see Figure 1) are almost independent of peptide size,
which is characteristic of anR-helical conformation. Forn > 8,
Ac-Leun+H+ is also helical. In this peptide, the proton must be
on the backbone near the C-terminus so that it can interact
favorably with the helix macrodipole. The alanine and valine
analogues to these peptides, Ac-Alan-Lys+H+, Ac-Alan+H+, Ac-
Valn-Lys+H+, and Ac-Valn+H+, also form helices.12,17,20 The
glycine analogues do not.10

The results for Ac-Lys-Leun+H+ are characteristic of a globule.
When the lysine is located at the N-terminus and it is protonated,
the helix is destabilized by an unfavorable interaction between
the positive charge and the helix macrodipole and by the lack of
end-capping at the C-terminus. The alanine analogue to this
peptide, Ac-Lys-Alan+H+, also forms globules.17 However, the
valine analogue, Ac-Lys-Valn+H+, forms both a random globule
and helix forn ) 12 and 13, and only a helix forn > 13.12 As
the proton must be near the C-terminus for the helix to form, the
free energy gained from forming a polyvaline helix must be large
enough to compensate for moving the proton from the N-terminus
to the C-terminus. As Ac-Lys-Leun+H+ does not form a helix,
the free energy gained by forming a helix must not be as large as
that gained by Ac-Lys-Valn+H+. Thus it can be concluded that
leucine does not form a helix as readily as valine in the absence
of a solvent.

For Leun+H+ with n > 10, both a helical state and a globular
state are formed, with the globule becoming negligible forn >
13. The alanine analogue to this peptide, Alan+H+, forms only
random globules,21 while the valine analogue, Valn+H+, also
formed both random globules and helices forn > 11.12 The most
basic site in these peptides is the N-terminus, but in the helical
conformation the proton must be located on the backbone near
the C-terminus so that the charge can interact favorable with the

helix macrodipole. The proton affinity of the N-terminus of a
peptide is slightly lower than that for the lysine side chain, so it
requires slightly less free energy to relocate the proton in these
peptides than it does to relocate the proton in the peptides with
lysine at the N-terminus. As leucine is able to relocate the proton
and make a helix while alanine does not, unsolvated leucine forms
helices more readily than alanine does.

On the basis of the results described above, we obtain the
following ranking of helix-forming tendencies in unsolvated
peptides: Val> Leu > Ala . Gly. This is quite different from
the consensus rank ordering found in solution studies: Ala>
Leu . Val > Gly, which clearly demonstrates that the solvent
plays an important role in modifying the helix-forming tendencies
of the different amino acids. The rank ordering predicted from
consideration of side chain entropy is identical with that found
in solution. Clearly, side chain entropy alone cannot account for
the helix-forming tendencies of the different amino acids in the
gas phase.

In an effort to understand the experimental results, a series of
molecular dynamics (MD) simulations were performed. The
simulations were done using the MACSIMUS suite of programs22

with the CHARMM force field (21.3 parameter set).23 Two types
of simulations were performed: 960 ps simulations at 300 K
starting from an idealR-helix and simulated annealing with a
schedule of 240 ps at 600, 500,and 400 K and 480 ps at 300 K
starting from an extended string. The latter usually yielded
globular conformations. The temperature was maintained by re-
scaling the kinetic energies every 0.1 ps. Average potential
energies were obtained from the last 35 ps of each simulation.

A compilation of the lowest average potential energies found
in the simulations for leucine-, valine-, alanine-, and glycine-
based peptides in helical and globular conformations is shown in
Table 1. Comparisons cannot be made between the energies of
the helices and globules for the different peptides; however, the
energy differences between the helix and globule can be compared
(note that these are not free energy differences).24 The differences
are in the order Val> Leu > Ala . Gly, which is identical to
the ranking of helix-forming tendencies in unsolvated peptides
described above. This ordering roughly follows the physical size
of the side chain: residues with bigger side chains generate less
compact and higher energy globular states, which makes the helix
appear more favorable (the energy difference between the helix
and globule is larger). Leucine has a slightly larger side chain
than valine, but the leucine side chain (which is notâ-branched)
is more flexible and it can move more easily than the valine side
chain to optimize hydrogen bonding within the globule. These
results suggest that the stability of the globular state is more
important than the stability of the helical state in controlling helix
formation in unsolvated peptides.
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Table 1. Average Potential Energies for Leucine-, Valine-,
Alanine-, and Glycine-Based Peptides in Helical and Globular
Conformations

average potential energy,a kJ mol-1

peptide R-helixb globulec helix - globuled

Ac-Leu19-LysH+ -2890 -2739 -151
Ac-Val19-LysH+ -2827 -2665 -162
Ac-Ala19-LysH+ -2819 -2690 -129
Ac-Gly19-LysH+ -2846 -2800 -46

a Average potential energy from the last 35 ps of the simulations.
b Lowest average potential energy from up to ten 300 K simulations
started from an idealR-helix. c Lowest average potential energy from
up to 60 simulated annealing runs started from an extended string.
d These differences in the average potential energies may change slightly
if more simulations are run.
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