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Design of Helices That Are Stable in Vacuo described in a recent publicati8hMD simulations were per-
formed with the CHARMM force fiel& using the 21.3 parameter
Robert R. Hudgins, Mark A. Ratner, and Martin F. Jarrold* set, the united atom approximation, and SHAR&onstraints on
all explicit bonds. Multiple simulations of 0.25..0 ns were
Department of Chemistry, Northwestern leiisity performed at 300 K for each peptide. Cross sections were

2145 Sheridan Road,&nston, lllinois 60208 calculated by a trajectory methdand averaged over 50
. structures taken from an MD simulation at regular time intervals.
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Figure 1a shows a mass spectrum obtained by electrospraying

The a-helix is the most common short-range structural motif @ Solution of unpurified Ac-Algr-Lys in formic acid. A progres-
in proteins! and understanding its properties is central to Sion of peaks at mass to charge’?) ratios corresponding to Ac-
understanding protein foldidgnd enzyme functiof Different Alay-LysH*, n = 14-19, is apparent. The distribution of peptide
amino acids have different helix propensitié$Alanine has one  Sizes results from inefficient coupling during solid-phase Fmoc
of the highest helix propensities, and alanine-rich peptides have Synthesis (Anaspec Inc., San Jose, CA). Figure 1b shows a drift
been widely studied in solution. However, the factors responsible time distribution measured with the mass spectrometer set to
for the different helix propensities certainly include the effects transmit Ac-Alag-LysH". There are two main peaks; the peak at
of the solven€=8 In principle, intrinsic helix propensities can be @ drift time of ~170 ms is assigned to the Ac-AkLysH"
obtained from gas-phase measurements where solvent interactionglonomer while the one at155 ms is assigned to the (Ac-Ata
are absent. Here we report studies of alanine-based peptides in &YsH).*" dimer, which occurs at the sannez>*
solvent-free environment. Protonated polyalanines with up to 20 The measured drift times are converted into average collision
residues do not form extended helices in a vacuum. However, cross section¥: In this work we will use a relative cross section
the addition of a single lysine at the C terminus (to give Ac- scale given byQ,, — 14.50 where Q,, (the measured cross
Ala,-LysH™) results in the formation of very stable, monomeric, section) is in & and 14.50 & is the calculated average cross
polyalanine helices. The design of the Ac-#flaysH™ peptide section per residue for an ideal polyalanioehelix with the
optimizes hydrogen bonding of the charged lysine with the torsion angles fixed ab = —57° andy = —47°. With this scale,
C-terminal backbone carbonyl groups, and the interaction of the helical conformations have relative cross sections that are
charge with the helix dipole. Helices are observed for AcsAla  independent of the number of alanine residues, whereas other
LysH* peptides with as few as eight residues, which is signifi- conformations will have relative cross sections that change with
cantly shorter than the shortest helical peptides found in solution. the number of residues. Relative collision cross sections for Ac-

A variety of experimental techniques have recently been used Ala-LysH*, n = 5-19, and AlgH", n = 3-20, are plotted
to examine the gas-phase conformations of proteins and pebfitles. againstn in Figure 2. The relative cross sections for theMa
In the work reported here we have used high-resolution ion Peptides (open points in the figure) clearly decrease with
mobility measurement$:1° The mobility is a measure of how  increasing size. This indicates that these peptides have conforma-
rapidly an ion moves through an inert buffer gas under the tions that are more compact .than helices. When helices are used
influence of a weak electric field. The mobility depends on the as the starting point for MD simulations for the A" peptides,
ion’s collision cross section with the buffer gas. Structural they rapidly collapse to globular conformations such as that shown
information is deduced by comparing measured cross sections tofor AlaiH* in Figure 3. The lower dashed line in Figure 2 shows
orientationally averaged cross sections calculated for conforma-average cross sections determined for the lowest energy globular
tions derived from molecular dynamics (MD) simulatidA©ur conformatlo.n found in seyeral different MD.S|quat|ons for each
experimental apparatus consists of an electrospray source, a 63Ala.H" peptide. The relatively large fluctuations in the calculated
cm long drift tube containing helium buffer gas, and a quadrupole Cross sections result from incomplete conformational averaging.

mass spectrometer. Details of the experimental technique areHowever, the good overall agreement between the calculated cross
sections and the measured values indicates that thgHAla
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Figure 1. 1. Electrospray mass spectrum of Ac-Afys in formic acid
(a) and drift time distribution measured for Ac-AdeLysH* (b).
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Figure 3. 3. Conformations of an AlgH* globule and an Ac-Alg-
LysH* helix, taken from MD simulations. Pictures were generated using
WebLab Viewer (Molecular Simulations, Inc.).

that amino acids with charged side chains are preferentially located
near the helix pole of opposite polarity. In MD simulations the
helical conformation of Ac-Ala-LysH" is stable. Globular
conformations generated by starting the MD with an extended
(¢ = y = 180) structure are much less stable than the helix (by
~150 kJ mot? for Ac-Ala;g-LysH"). Antiparallel 3-sheets are
also less stable in the simulations (55200 kJ mot? for Ac-
AlajgLysH"). In a simulation at 600 K thg-sheet converted
into thea-helical form within 0.5 ns. In agreement with previous
simulations®? 3—10 helices were found to rapidly convert (in the
first 10 ps) intooa-helices.

Experimental evidence that Ac-ALysH' peptides form
extended helices is provided in Figure 2. The relative cross
sections for these peptides are independemt @ expected for
an extended helix. The solid line in the figure shows average
cross sections calculated for the helical conformations from MD
simulations. They are in good agreement with the measured cross
sections. Average cross sections calculated for the less stable
globular conformations, shown as the upper dashed line in Figure
2, are not in good agreement with the experimental data. The
measured relative cross sections remain relatively constant for n
> 7, suggesting that = 7 (8 residues) is the smallest Ac-Aa
LysH" peptide that is an extended helix. However, a helical
peptide of eight residues is already much smaller than any helical
peptide found in solution. Even small helical peptides such as
the 13-residue C-peptide (analogue Ill) of RNASE énly exhibit

Figure 2. 2. Plot of the relative collision cross section against the number < 259% helicity in solution at room temperature. The helices

of alanine residues for Ala* (@) and Ac-AlarLysH* monomers ©). observed here are substantially less fluxional and have a much

The dashed lines show relative collision cross sections calculated for higher helix content. This supports the idea that secondary

globular structures from MD simulations. The solid line shows cross strycture is more stable in vacuo than in solution. In the gas phase,

sections calculated for helical conformations from MD simulations. there is no competition from hydrogen bonds between the
backbone and the solvent, which usually destabilizes helices in

peptide that was designed to generate a stable, extended helix isolution33

the gas phase. The lysine butylamine side chain is flexible enough
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