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The structures and properties of unsolvated peptides large enough to possess secondary structure

have been examined by experiments and simulations. Some of the factors that stabilize unsolvated

helices and sheets have been identified. The charge, in particular, plays a critical role in stabilizing

a-helices and destabilizing b-sheets. Some helices are much more stable in vacuum than in

aqueous solution. Factors like helix propensity, context, and the incorporation of specific

stabilizing interactions have been examined. The helix propensities in vacuum differ from those

found in solution. Studies of the hydration of unsolvated peptides can be performed one water

molecule at a time. The first few water molecules only bind weakly to unsolvated peptides, and

they bind much more strongly to some conformations than to others. The most favorable binding

locations are not the protonation sites, but clefts or pockets where a water molecule can establish

a network of hydrogen bonds. Non-covalent interactions between secondary structure elements

leads to the formation of tertiary structure. Helical peptides assemble into complexes with a

variety of intriguing structures. The intramolecular coupling of helices to make antiparallel

coiled-coil geometries has also been investigated with model peptides.

Introduction

While strong covalent bonds link amino acids into linear

chains, much weaker non-covalent interactions are responsible

for the development of secondary structure, the assembly of

tertiary structure domains, the formation of protein assem-

blies, and the regulatory interactions between proteins. The

non-covalent interactions that are important in this arena

include both intramolecular interactions and solvent interac-

tions. In nature, the goal is usually not to build the most stable

structure or assembly, but to have structures and assemblies

that can be regulated or even dismantled in response to the life

cycle of the cell or to an external stimulus. For this reason,

cellular components are usually marginally stable, and stabi-

lity is often determined by a delicate balance between solvent

and intramolecular interactions. For example, the overall free

energy change associated with the folding of a small protein in

aqueous solution is relatively small, while there are large

changes in both the intramolecular interactions and the sol-

vent interactions. Thus, protein folding is really controlled by

a small difference between large numbers. All of the interac-

tions are critical contributors to the overall free energy differ-

ence, and so it is difficult to isolate and understand the

individual contributions.1 The ability to separate and study

the intramolecular and solvent interactions individually

should improve our understanding of these interactions at a

fundamental level.

The development of gentle ionization techniques like MAL-

DI and electrospray allow biological molecules to be placed

into the gas phase as anhydrous ions. Under some conditions,

the anhydrous ions retain a memory of their solution phase

structure.2,3 Large non-covalent complexes like the chapero-

nin GroEL (an 800 kDa assembly consisting of 14 proteins)

can be transferred into the gas phase intact.4 These gentle

ionization methods permit studies of unsolvated biomolecules.

Furthermore, solvent molecules can be added one at a time so

that properties can be investigated as a function of the degree

of solvation.5,6 Studies of unsolvated peptides and proteins are

of interest for more than just fundamental reasons. Aqueous

solution is not the only biologically important environment.

Membrane proteins make up to 30% of the proteins encoded

by genomes,7 and the hydrophobic and low dielectric interior

of a lipid bilayer is very different from an aqueous environ-

ment. The hydrophobic interior of folded proteins is also

largely shielded from solvent interactions. So while solvent

interactions are obviously important, in many environments

the solvent is excluded (or partially excluded). Studies of the

intramolecular interactions in the absence of the solvent can

help to understand the solvent-depleted regions. A wide

variety of techniques have been applied to study unsolvated

biomolecules, that range in size from individual amino acids to

large protein complexes.8–25

This article describes studies of the structures, properties,

and hydration of unsolvated peptides with 10–25 residues.

This size-regime is larger than has been examined in most gas

phase spectroscopic studies,8–11 and large enough to permit

the formation of extended secondary structure elements. In the

absence of a solvent, the charge emerges as a critical factor in

stabilizing helices and destabilizing sheets. Helices can be

much more stable in the gas phase than in solution. In

solution, the different amino acids have different propensities

to form helices (the helix propensities depend on the side

chain). In the gas phase, the ordering of the helix propensities
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is changed substantially from in solution. Thus, an amino acid

that is a poor helix-former in aqueous solution can be a good

helix-former in the absence of a solvent. The role of context

(how the specific sequence affects helix stability) and the role

of specific stabilizing interactions have been examined. In

addition to studies of structure and stability, we have also

investigated the hydration properties of model peptides, and

found them to be strongly dependent on the conformation.

Interactions between helices, which are important in the

formation of tertiary structure, have been investigated by

studying the assembly of helical complexes and by investigat-

ing the formation of an antiparallel coiled-coil geometry in

peptides with a designed helix-turn-helix motif.

Ion mobility measurements

Most of the information described here about the conforma-

tions of unsolvated peptide ions was obtained from ion

mobility measurements.26,27 The mobility of a gas phase ion

(how rapidly it can be pulled through a buffer gas under the

influence of a weak electric field) depends on its average

collision cross section, which in turn depends on its structure.

Ions with compact, roughly-spherical structures undergo fewer

collisions and travel more rapidly than ions with more open,

unfolded structures. Geometries are assigned by comparing

the measured cross sections to average cross sections calcu-

lated for trial geometries, which are usually derived from

molecular dynamics simulations.

The experimental apparatus used to perform the majority of

the ion mobility measurements is shown schematically in Fig.

1. It consists of an electrospray source, a drift tube, a quadru-

pole mass spectrometer, and a detector.28,29 Ions are electro-

sprayed in air and enter the apparatus through a stainless steel

capillary set in a heated copper–beryllium block. The capillary

ends in a differentially pumped region that is maintained at

0.2 torr. Some of the ions pass through this region and into the

main chamber where they are focused through an electrostatic

shutter into a 30.5 cm long drift tube. The drift tube is

operated with a helium buffer gas pressure of 2–5 torr, and

with a drift field of 5–13 V cm�1. Field guard rings along the

drift tube ensure that there is a uniform electric field near to

the drift tube axis. Under the conditions employed, the drifting

ions remain in the low field limit30 where they are not

significantly heated or aligned by the field. After travelling

across the drift tube, some of the ions exit through a small

aperture. The exiting ions are focused into a quadrupole mass

spectrometer where they are mass analyzed, and then detected.

Two drift tubes were employed, a low temperature version

(77–400 K) and a high temperature version (300–1100 K). In

both cases, the temperature was regulated by microprocessor-

based temperature controllers to within �1 K. Drift time

distributions (the amount of time it takes ions to travel across

the drift tube) are obtained using an electrostatic shutter to

admit 50–100 ms packets of ions into the drift tube. A multi-

channel scaler, synchronized with the shutter, records the

arrival time distributions at the detector for mass-selected

ions. The drift time distribution is then obtained by correcting

the arrival time distribution for the time the ions spend

travelling outside the drift tube. Drift times are converted into

cross sections using standard methods.

The peptides were synthesized using FastMoc chemistry on

an Applied Biosystems 433A peptide synthesizer. After synth-

esis, they were cleaved, precipitated, and lyophilized. Most of

the peptides were acetylated at the N-terminus prior to de-

protection of the basic side chains. Electrospray solutions were

prepared by dissolving 1 mg of the unpurified peptide in 1 mL

of TFA and 0.1 mL of purified water.

Molecular dynamics simulations

Molecular Dynamics (MD) simulations were performed to

help interpret the experimental results. The simulations were

done with the MACSIMUS suite of programs31 using the

CHARMM21.3 parameter set. A dielectric constant of 1.0 was

employed. Average cross sections for structures derived from

the MD simulations were calculated with MOBCAL,32 which

accounts for multiple scattering events33 and the long-range

interactions between the ion and the buffer gas.34 If the

geometry from the simulations is correct, the measured and

calculated cross sections are expected to agree to within �2%.

The objective of the MD simulations is to locate the low

energy conformations. A variety of starting structures were

employed (such as helix, sheet, and extended linear chain) and

a number of simulated annealing schedules were used in an

effort to escape high energy local minima. Often, hundreds of

simulations were performed to explore the energy landscape of

a particular peptide. In some cases, MD with simulated

annealing was unable to locate the lowest energy conforma-

tion and more sophisticated methods were used (see descrip-

tion of evolutionary based methods below). Ion mobility

measurements are not particularly sensitive to structural de-

tails. However, since these studies deal with relatively large

peptides, we are more concerned with identifying structural

types than in their fine details. In addition, at room tempera-

ture the structures are expected to show fluctuations and so the

average structure is more relevant than the lowest energy

conformation. In some cases, the average room temperature

structure is significantly different from the lowest energy

conformation.

Design of unsolvated helices

Fig. 2 shows examples of ion mobility measurements for

protonated AcA15K and AcKA15 (Ac = acetylated, K =

Fig. 1 Schematic of diagram of the experimental apparatus equipped

with the high temperature drift tube. (From ref. 29. r American

Chemical Society 2004).

1660 | Phys. Chem. Chem. Phys., 2007, 9, 1659–1671 This journal is �c the Owner Societies 2007



lysine, A = alanine). Since the N-terminus is acetylated in

these peptides, the most favorable protonation site is the lysine

side chain. For AcA15K + H+ there is a single peak in the

drift time distribution corresponding to a cross section of 300

Å2. The average cross section calculated for the helical con-

formation of AcA15K + H+ from MD simulations is 303 Å2.

AcA15K was designed to be helical:35,36 alanine has a high

helix propensity in solution.37–39 In addition, protonation at

the C-terminus lysine stabilizes the helix through favorable

interactions with the helix macrodipole40–42 and through helix

capping interactions.43,44 In an ideal a-helix, the four residues
at each end of the helix lack hydrogen bonding partners. In

AcA15K + H+, the protonated e-amino group of lysine caps

the helix by forming hydrogen bonds to the dangling carbonyl

groups at the C-terminus. The NH–CO peptide bond group

has a significant dipole moment (around 3.5 D) and alignment

of the dipoles along the length of the helix leads to a macrodi-

pole. The negative end of the macrodipole is at the C-terminus,

and so a positive charge at the C-terminus stabilizes the helix,

and a positive charge at the N-terminus destabilizes the helical

conformation. AcKA15 + H+, where the charge destabilizes

the helix, adopts a globular conformation.

The globule

The globule is a compact, random-looking, three-dimensional

structure. An example is shown in Fig. 2(c). The main orga-

nizing criteria for the globule appears to be maximizing self-

solvation of the charge (the backbone CO groups point at, and

coordinate to, the –NH3
+ group) and maximizing the number

of non-covalent interactions, both of which are realized by

achieving a compact, near-spherical arrangement. There are

many possible globular conformations. The average cross

section for the lowest energy globule found for AcKA15 +

H+ in the MD simulations is significantly (42%) larger than

the measured value. We attribute this deviation to the diffi-

culty in finding compact, low energy globular conformations.

Both MD and Monte Carlo appear unable to locate low

energy globular conformations with cross sections that match

the experimental values. Raising the temperature to promote

transitions out of local minima tends to drive the structure

towards more open conformations, so simulated annealing has

also had limited success at finding compact globules. Com-

pact, low energy globular conformations with cross sections

that match the experimental values have, however, been

located by an evolutionary-based method.45 Evolutionary

methods of structural optimization operate on a pool of

geometries and incorporate recombination (mating) and mu-

tations to explore the energy landscape. The particular appli-

cation employed here (FOLDAWAY) also optimized the

progeny prior to evaluating their energy.

Helical dimers

In addition to the globule, there are two other conformations

present (at low relative abundance) in the drift time distribu-

tion for AcKA15 + H+. The one at shorter time (around 4.8

ms) is attributed to a helical dimer. A snap-shot of the helical

dimer conformation is shown in Fig. 2(b). It consists of two

AcKA15 + H+ helices aligned head-to-toe with the proto-

nated lysine side chain of one peptide interacting with the C-

terminus of the other. This ‘‘exchanged-lysine’’ arrangement

allows the AcKA15 + H+ peptides to adopt helical conforma-

tions (the AcKA15 + H+ monomer is a globule because

protonation at the N-terminus lysine destabilizes the helix).

When observed directly from solution, AcKAn + H+ with n

4 13 is predominantly in the helical dimer form, while n o 13

is predominantly in the monomeric globular form. The mono-

meric globule present in the drift time distribution for AcKA15

+ H+ in Fig. 2 results from dissociation of the dimer. As the

ions enter the drift tube their kinetic energy is thermalized by

collisions with the buffer gas. During this process they undergo

a transient heating cycle where their internal energy is initially

increased, and then thermalized, after the ions are stopped by

the buffer gas. If the structures coming from solution are

significantly different from the lowest-free-energy gas-phase

Fig. 2 Drift time distributions measured for protonated AcA15K and AcKA15. The structures on the right are snap shots taken from MD

simulations. (a) is an AcA15K + H+ helix; (b) is an AcKA15 + H+ helical dimer, and; (c) is an AcKA15 + H+ globule.
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structure, the ions may undergo a conformational change

while they are hot. So this transient heating cycle provides a

way to investigate how the gas phase structures differ from the

solution phase. In the present case, dimers that are present in

solution (or form during the electrospray process) dissociate

when they are collisionally heated. If the injection energy into

the drift tube is decreased, the amount of helical dimer present

in the drift time distribution increases. In addition to the

helical dimer and monomeric globule, the drift time distribu-

tion for AcKA15 + H+ (Fig. 2) shows a small peak at a drift

time corresponding to the helix. This small amount of AcKA15

+ H+ helix is believed to result from a dimer dissociation

process, where the proton transfers from the lysine side chain

to the C-terminus of the helical peptide.

The high temperature stability of some unsolvated helices

Isolated a-helices are only marginally stable in solution. Even

designed alanine-based peptides (which are among the most

strongly helical peptides in aqueous solution) consist of an

ensemble of partially helical structures that are on average

only around 50% helical at room temperature, and almost

completely melted at 70 1C.46,47 In contrast, unsolvated

AcA15K + H+ remains essentially 100% helical up to at least

425 1C (700 K).48 Fig. 3 shows measured and calculated cross

sections for the AcA15K + H+ helix and AcKA15 + H+

globule as a function of temperature. The open points are the

experimental results. The filled points are Boltzmann-weighted

average cross sections from MD simulations performed as a

function of temperature. The lines in Fig. 3 result from taking

the lowest energy conformation from the room temperature

MD simulations and calculating the cross section for this

structure as a function of temperature. This shows the cross

sections that would result, as a function of temperature, for

rigid helical and globular conformations. The cross sections

for the rigid conformations systematically decrease. This

occurs because the long range interactions between the ion

and the buffer gas atoms become less important as the

temperature is raised. When the measured cross sections (or

the Boltzmann-weighted average cross sections) deviate sig-

nificantly from the cross sections calculated for the rigid

conformations, it indicates a conformational change. For the

AcA15K + H+ helix, the experimental results and the Boltz-

mann-weighted average cross sections remain in good agree-

ment up to around 700 K, indicating that the peptide remains

in the rigid helical conformation up to this temperature. At

about 725 K, the signal for the helix disappears due to

fragmentation. Thus, the AcA15K + H+ peptide remains

helical all the way up to the point where it fragments. The

high stability of the unsolvated helices is consistent with

simulations.49–51 In MD simulations performed at 673 K,

the AcA15K + H+ helix remains largely intact, however at

773 K the structure fluctuates between helix, globular, and

unfolded (random coil-like) conformations and the Boltz-

mann-weighted average cross section deviates significantly

from the cross section for the rigid helix. Note that we can

perform MD simulations above the temperature where the

peptide fragments because the force field does not permit

covalent bond breaking. In the simulations, helix melting is

usually initiated by fraying at the N-terminus (i.e., away from

the charge). In the reverse process, forming the helix from a

random structure, the protonated lysine side chain plays a

critical role in nucleating the helix. In the simulations, the

protonated amino group acts as a template, and then caps the

first turn of the helix. The helix then propagates from both

ends to form a completely helical conformation. The idea of a

remote helix nucleator (as the lysine is behaving here) is not

incorporated into the statistical-mechanical models of helix

formation, such as the models of Zimm and Bragg52 and

Lifson and Roig,53 and their more recent refinements.54–58

The basic idea behind these models is that there is a nucleation

step that is associated with fixing a few neighboring residues

into a helical conformation so that the first helical hydrogen

bond can be made, and then follows a propagation phase

where residues add onto the end of the growing helix, each one

making a new helix hydrogen bond. There is an entropic

penalty for fixing the first few residues, while helix propaga-

tion has a favorable free energy change. In unsolvated AcA15K

+ H+, the lysine side chain helps to overcome the penalty for

helix nucleation by templating and capping the nascent helix.

This may explain why the application of the statistical-me-

chanical models to helix formation in unsolvated peptides met

with limited success.59

Mobile protons

Protonated polyalanine peptide ions, An + H+, lack a residue

with a basic side chain. The most likely protonation sites are

the N-terminus amine and the backbone amide CO

groups.60–63 According to MD simulations, the globule is

the lowest energy conformation when protonated at the

Fig. 3 Measured and calculated cross sections for the AcA15K+H+

helix and AcKA15 + H+ globule as a function of temperature. The

open points are the measured values for AcA15K + H+ (squares) and

AcKA15 + H+ (circles). The filled points are Boltzmann weighted

average cross sections from MD simulations performed as a function

of temperature. The lines result from taking the lowest energy con-

formation from the room temperature MD simulations and calculat-

ing cross sections for this structure as a function of temperature,

AcA15K+H+ (dashed line) and AcKA15 +H+ (dashed-dotted line).

(From ref. 48. r American Chemical Society 2004).
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N-terminus amine, but when the proton is on the amide CO

nearest the C-terminus the helix has the lowest energy, at least

for peptides with 10–25 residues. The acetylated analogs of

these peptides (where the N-terminus amine is blocked) are

100% helical. This indicates that when the N-terminus is

blocked the proton is sequestered at the C-terminus.

Initial studies suggested that An + H+ peptides adopt

globular conformations in the gas phase.64 However, it now

seems that this reflected the preferred solution phase confor-

mation, because when the peptide ions are collisionally heated

as they enter the drift tube both the helix and globule are

observed. Thus, the energies of the helix and globule are quite

similar for unsolvated An +H+ peptides, and interconversion

between these conformations is possible. This interconversion

must involve proton transfer from one end of the peptide to

the other. Intramolecular proton transfer in ionized peptides

has received a lot of attention in connection with peptide

fragmentation patterns obtained by mass spectrometry.65–68 In

order to account for the observed fragmentation patterns, it is

necessary to assume that the proton is not sequestered at the

most basic sites, but that it is free to migrate before dissocia-

tion occurs (i.e., a mobile proton). Fig. 4 shows drift time

distributions recorded for A20 + H+ as a function of tem-

perature. At 373 K there are two peaks present due to the

globule (short drift time) and helix. As the temperature is

raised the distribution remains unchanged up to around

413 K, where the gap between the two peaks starts to fill-in.

This indicates that the ions are beginning to undergo con-

formational changes on the time scale of the drift time

measurements. Ions that fill-in the region between the two

peaks spend part of their time travelling through the drift tube

in one conformation, and part of their time in the other. As the

temperature is raised, interconversion between the helical and

globular conformations becomes more rapid, and the region

between the two peaks becomes more populated. Eventually,

interconversion becomes fast compared to the time spent

travelling across the drift tube, and the broad feature narrows.

The position of the narrow peak relative to the expected

position of the helix and globule informs on the amount of

time spent in each conformation at high temperature. In the

present case, the peak at 473 K is closer to the expected

position of the helix than the globule, indicating that, at high

temperature, A20 + H+ spends most of its time in a helical

conformation. A15 + H+, on the other hand, spends most of

its time in the globular conformation. Since interconversion

between the helix and globule requires proton transfer from

one end of the peptide to the other, the onset of interconver-

sion (between 400 and 450 K) indicates the temperature where

the proton becomes mobile in these peptides.

b-sheets and helices in the absence of a charge

Our efforts to observe a stable, unsolvated b-sheet structure
for charged peptides were unsuccessful. According to simula-

tions, the charge disrupts extended b-hairpins and other b-
structures by causing the peptide to wrap up around the

charge site. There have been some suggestions of b-structures
for charged peptides in the gas phase,69,70 but these are usually

short sections, and there is no compelling evidence for an

extended b-structure in an unsolvated peptide when a charge is

present.

Since a charge can stabilize a helix in an unsolvated peptide,

and it apparently destabilizes b-structures, what conforma-

tions are favored in the absence of a charge? Electric deflection

measurements have been used to investigate the conformations

of neutral peptides.71,72,73 The total dipole moment of a

peptide is mainly due to the dipole moments of the NH–CO

peptide bond group (which is around 3.5 D). For a-helices, the
dipoles are aligned leading to a very large overall dipole

moment. For a b-sheet, the dipoles almost cancel and the

overall dipole moment is small. For a globular conformation

on the other hand, the dipoles are expected to be randomly

orientated with respect to each other, leading to an overall

dipole moment that is larger than a b-sheet, but substantially
less than for a helix. Thus, the overall dipole moment can be

used to deduce the conformation.

Dipole moments were obtained from electric deflection

measurements that were performed in collaboration with Dr

Philippe Dugourd and his group at the Laboratoire de Spec-

trométrie Ionique et Moléculaire at Université Lyon. The

measurements were performed on an apparatus consisting of

a matrix-assisted laser-desorption source coupled to a

Fig. 4 Drift time distributions recorded for A20 + H+ as a function

of temperature. The larger peak on the left at 373 K is due to the

globule while the smaller peak on the right is due to the helix. When

the temperature is raised the helix and globule interconvert. The

position of the peak at high temperature indicates that the peptide

spends most of its time in a helical conformation. (From ref. 29. r

American Chemical Society 2004).
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molecular beam deflection apparatus with a position-sensitive

time-of-flight mass spectrometer.74,75 The peptides are des-

orbed with a pulsed Nd:YAG laser (355 nm), entrained in a

pulsed helium flow, and thermalized in a 5 cm long diverging

nozzle. After leaving the nozzle, the beam is tightly collimated

before it travels through the 15 cm long electric deflector. The

deflector provides an electric field F and a field gradient (qF/
qz) perpendicular to the beam axis. One meter after the

deflector, the molecular beam is irradiated with the fourth

harmonic of a Nd:YAG laser (266 nm) in the extraction region

of the position sensitive time-of-flight mass spectrometer. The

peptides studied using this approach incorporate a tryptophan

(W) residue, and the two photon ionization efficiency is

enhanced because the photon energy is near resonant for the

indole moiety in tryptophan. The peptides undergo a uniform

deflection in the electric field. The deflection is proportional to

the electric susceptibility, and the Langevin–Debye equation

can be used to relate the electric susceptibility, w, to the

permanent dipole moment, m:

w ¼ aþ
hm2iT ;F¼0
3kBT

ð1Þ

where a is the polarizability and kB is the Boltzmann constant.

This approach is valid in the low field limit for a canonical

ensemble, and where the molecules do not retain a memory of

the orientation of their rotational motion as they travel

through the field.

For neutral AcWAnNH2 (W = tryptophan, NH2 = ami-

dated) peptides with n = 13 and 15, the measured dipole

moments were consistent with b-sheet structures.76 This result
is consistent with Monte Carlo simulations performed for

AcWA13NH2 with a parallel tempering algorithm. Parallel

tempering allows one to explore the energy landscape and

determine free energies as a function of temperature. At 100 K,

the helix is the lowest free energy structure for AcWA13NH2.

However, at 300 K, the b-sheet and globular conformations

have the lowest free energies. Examples of the b-sheet con-

formations found in the simulations are shown in Fig. 5.

U-shaped b-hairpins and S-shaped conformations with two

b-turns coexist, and it is the larger configurational entropy of

the b-sheet conformations that leads them to have a lower free

energy than the helix at room temperature. Thus, it appears

that the charge plays a critical role in determining the room

temperature conformation: the b-sheet structures are favored

for neutral peptides by configurational entropy but destroyed

by a charge, while the helical conformation is stabilized by a

charge. We were not able to observe helical structures for

neutral peptides, despite considerable effort examining a vari-

ety of peptides. This indicates that the charge plays a critical

role in stabilizing isolated helices.

Helix propensities in unsolvated peptides

The helix propensity measures the tendency of a particular

amino acid to make a helix. In aqueous solution, alanine has

the highest helix propensity while glycine has the lowest. The

difference between these two amino acids is small: glycine has

no side chain, while alanine has a methyl group. In the gas

phase we found that both AcKGn + H+ and AcGnK + H+

(G = glycine) peptides adopt globular conformations.77 In

solution, the low helix propensity of glycine is usually attrib-

uted to its large conformational freedom, which makes the

non-helical state favored entropically.78 However, in the gas

phase, the energies of the helical and globular conformations

are probably more important. In the MD simulations, the

glycine globules appear to be more stable than their alanine

analogs, they have a lower strain energy and are able to twist

upon themselves and form a greater number of well-aligned

hydrogen bonds.

For amino acids with side chains (i.e. all of the natural

amino acids except glycine), the helix propensities found in

solution can be rationalized by side chain entropy (the entropy

change due to the side chains that occurs when the amino acids

are locked into a helical conformation).79,80 Thus, valine,

which has a bulky isopropyl side chain, R = –CH(CH3)2,

has a low helix propensity (only slightly larger than glycine),

while leucine, where the isopropyl group is offset by a methy-

lene, R = –CH2CH(CH3)2, has a high helix propensity (only

slightly less than alanine). The helix propensities in the gas

phase were obtained by examining the extent of helix forma-

tion in a variety of designed peptides. For example, the high

helix propensity of valine in the gas phase is indicated by the

fact that AcKVn + H+ peptides (where the lysine is at the

wrong end to promote helix formation) are helical for n 4 13

(while the leucine and alanine analogs, AcKLn + H+ and

AcKAn + H+, are globular). From these studies it appears

that the helix propensities for the non-polar aliphatic amino

acids in the gas phase are V4 L 4 A c G (compared with A

4 L c V 4 G in solution).81,82 The ordering of the helix

propensities found in the absence of a solvent (V 4 L 4 A c

G) appear to reflect the stability of the non-helical, globular

conformation. Peptides consisting of amino acids with large

non-polar side chains make less compact and higher energy

globules, so that the helical conformation is favored.

Tuning the energies of helices and globules

Glycine has a low helix propensity, so incorporating glycine

into alanine peptides destabilizes the helical conformation

relative to the globule. A remarkably large number of glycine

residues are required to disrupt helix formation.83 For

Fig. 5 Examples of the b-structures found in the parallel tempering

Monte Carlo simulations for AcWA13NH2. (From ref. 76. r Amer-

ican Chemical Society 2005).
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example, AcA5G3A5K + H+ and AcA6G5A6K + H+ are

both almost 100% helical at room temperature, while

AcA2G9A2 + H+ is almost 100% globular. The number of

glycines and alanines in a peptide can be adjusted so that the

relative stabilities of the helical and globular conformations

are very similar. AcA4G7A4 is an example.84 Four distinct

conformations are observed for this peptide at low tempera-

ture, indicating that its energy landscape is broad and flat. As

the temperature is raised above 230 K, some of the conforma-

tions begin to interconvert and disappear, and above 280 K

only a single narrow peak (at a drift time close to that expected

for the globule) remains. As the temperature is raised to 400 K,

the peak gradually shifts to the position expected for the helix.

The peak remains narrow as it shifts, which indicates that

interconversion between the helix and globule is much faster

than the timescale of the drift time measurements. Thus, the

transition from globule to helix occurs under thermodynamic

control. The peptide becomes more helical as the temperature

is raised, and so the helix must be favored over the globule

entropically. The globule is expected to have a higher config-

urational entropy than the helix, and so for the entropy of the

helix to exceed that of the globule, the helix must have a higher

vibrational entropy. This could result from the helix having

low frequency longitudinal modes for which there are no

counterparts in the globule.85

Context also appears to influence the stability of unsolvated

helices.86 Context deals with how amino acids interact with

their neighbors. In an a-helix, the i and i + 4 residues can

interact with each other. Two incompatible amino acids may

destabilize the helix, while two compatible ones may promote

helix formation. AcA4G7A4 + H+ (discussed above) and

Ac(AG)7A + H+ both have the same composition, but they

have different sequences, and Ac(AG)7A + H+ is substan-

tially less helical than AcA4G7A4 + H+ at 400 K. This

difference probably results because the Ac(AG)7A + H+ is

more flexible and able to generate a lower energy globule.

Studies of helix formation in a series of Ac-[G12A3]K + H+

peptides show that the highest helix abundance occurs when

alanine residues are grouped together in center (i.e., Ac-

G6A3G6K + H+) and the lowest helix abundance occurs

when the alanines are distributed throughout the peptide

(i.e., AcG3AG5AG4AK + H+).

a-helix or p-helix preference in unsolvated peptides

The a-helix is by far the most common helix found in proteins.

The more-tightly wrapped 310-helix with i, i + 3 hydrogen

bonds (compared to i, i + 4 in the a-helix) also occurs

frequently. On the other hand, the more loosely wrapped

p-helix (with i, i + 5 hydrogen bonds) is rare.87–89 There have

been several reports of p-helical conformations in molecular

dynamics simulations of peptides,90–94 though Feig et al.

suggest that these are the result of force field artifacts.95 The

measured cross sections for unsolvated alanine peptide ions

(i.e. AcAnK + H+) indicate that they prefer an a-helical
conformation. However, when glycines are incorporated into

the peptides, the situation is less clear cut. In the simulations

for AcA4G7A4 + H+ both a-helices and partial p-helices were
observed, and the measured cross sections show features

consistent with both.84 To resolve this issue we designed a

series of peptides incorporating glutamic acid (E) and lysine at

specific locations. In solution, E and K residues positioned at i,

i + 4 are known to stabilize an a-helix by forming a hydrogen

bonded ion pair.46,96–100 It is not clear that the charges on the

EK ion pair will remain separated in the absence of the

solvent. However, neutral E and K may still interact, though

less strongly, through hydrogen bonds. E and K in the i, i + 4

positions, AcAAAGGGEGGGKGGGGK (E7K11), should

be stabilizing for both an a-helix and a p-helix.
For i, i + 5, AcAAAGGGEGGGGKGGGK (E7K12), the

E and K are on opposite faces of an a-helix (i.e. destabilizing)

but on the same face of a p-helix (i.e. stabilizing). While i, i +

6, AcAAAGGGEGGGGGKGGK (E7K13), is destabilizing

for both an a-helix and a p-helix. Table 1 shows the percent

helical content determined from the drift time distributions for

the three peptides mentioned above and AcAAAGGGGG

GGGGGGGK (3A12G), which lacks an E and K pair.

Of the three peptides with EK residues, E7K12 has the

highest percent helix. This indicates that these peptides show a

higher propensity to form p-helices than a-helices. Since

polyalanine based peptides are a-helical, the preference for a

p-helical arrangement is residue dependent. The 3A12G pep-

tide in Table 1 that lacks an EK pair has the highest percent

helix. Apparently, the incorporation of residues that can form

hydrogen bonds decreases the stability of the helical state in

the gas phase, presumably because the side chain competes for

the backbone hydrogen bonding sites. This is a general result:

incorporating residues capable of hydrogen bond formation

destabilizes the unsolvated helices.

Conformational changes and melting

AcA15K+H+ helices survive up to 725 K before dissociating.

However, when the helices are destabilized by incorporating

glycine residues, conformational changes can occur at a much

lower temperature. For example, transitions between helical

and globular conformations for Ac(AGG)5K + H+ occur at

just below room temperature. It is only in the last decade that

the kinetics of helix folding and unfolding transitions have

been examined for short peptides in aqueous solution.101–104

Fig. 6 shows drift time distributions recorded for Ac(AGG)5K

+ H+ at temperatures between 223 K and 295 K. At low

temperature, there are two well-resolved peaks. As the tem-

perature is raised a bridge forms between the two peaks that

results from the helix (longer drift time) converting into the

globule (shorter drift time) as the ions travel through the drift

tube. As the temperature is raised the peak due to the helix

Table 1 Percent helix content determined from the ion mobility
measurements at 213 K

Peptide
name Peptide sequence

E K
interaction

Percent
helix at
213 K

3A12G AcAAAGGGGGGGGGGGGK None 30
E7K11 AcAAAGGGEGGGKGGGGK i, i + 4 12
E7K12 AcAAAGGGEGGGGKGGGK i, i + 5 24
E7K13 AcAAAGGGEGGGGGKGGK i, i + 6 0
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disappears. The changes in the drift times in Fig. 6 occur

because as the temperature is raised the rate at which the helix

converts into the globule increases. The lines in Fig. 6 are the

result of simulations performed to determine rate constants for

the conversion of the helix into the globule. The rate constant

increases from around 2.1 � 104 s�1 at 253 K to around 5.5 �
106 s�1 at 282 K. An Arrhenius plot (lnk against 1/T) yields an

activation energy of 42.9 kJ mol�1 for unfolding the

Ac(AGG)5K + H+ helix. As the number of AGG units in

the peptide is increased the amount of helix present at low

temperatures decreases, and for Ac(AGG)8K + H+ the helix

has essentially vanished.105 On the other hand, the activation

energies for helix unfolding increase as the number of AGG

units increase, from 42.9 kJ mol�1 for Ac(AGG)5K + H+ to

61.3 kJ mol�1 for Ac(AGG)7K + H+. This increase suggests

that unfolding occurs through a concerted process involving

the whole peptide, rather than by fraying from the ends of the

helix. The lowest energy structure found in the MD simula-

tions for Ac(AGG)5K + H+ peptide is the partially helical

conformation shown in Fig. 7.28,45 This conformation appears

to result from a partial untwisting of the helix and it is unusual

because it has backward pointing hydrogen bonds (i.e. hydro-

gen bonds that point in the opposite direction to the others in

the helix). The backward pointing hydrogen bonds are stabi-

lized by electrostatic interactions with the helix dipole, and

they can occur here because of the conformational flexibility of

glycine. Some of the Ac(AGG)5K + H+ MD simulations

starting from an a-helix unravel into the partially helical

conformation shown in Fig. 7, but further unraveling into a

globule was not observed to occur on the timescale of the

simulations. This suggests that there may be an activation

barrier to further untwisting. A concerted untwisting process

could account for the increase in the measured activation

energy with the number of AGG units.

Intramolecular proton transfer can also induce conforma-

tional changes.106 The peptide RA15K (R = arginine) has

basic residues at both the N- and C-termini. If the proton is

sequestered at the C-terminus, this peptide should form a

helix; while if it is protonated at the N-terminus, a globule

should result. The gas phase basicity of the guanidine group of

arginine is around 70 kJ mol�1 larger than the e-amino group

of lysine, so for a helix to form the process must be sufficiently

exothermic to compensate for protonation at the less favor-

able site. Fig. 8 shows a plot of the cross sections determined

for RA15K as a function of temperature. At room tempera-

ture, both a helix and globule are observed, but as the

temperature is raised to around 350 K the globule converts

into the helix. This behavior indicates that the helix is lower in

energy than the globule.

Fig. 6 Drift time distributions for Ac(AGG)5K + H+ as a function

of temperature. The points are the experimental results, and the lines

are simulations performed to determine rate constants. (From ref. 28.

r American Chemical Society 2001).

Fig. 7 Snapshot of the lowest energy conformation found in the MD

simulations of the Ac(AGG)5K + H+ peptide. The arrows show the

backward pointing hydrogen bonds. (From ref. 28. r American

Chemical Society 2001).

Fig. 8 Cross sections recorded for AcRA15K + H+ as a function of

temperature. The squares represent cross sections determined from the

center of the peaks (where there are clearly two resolved peaks) while

the circles are obtained by averaging over the distribution (when the

two peaks have merged). The dashed line shows the expected tem-

perature dependence of the cross sections for a rigid helix. The dotted

line is a guide. (From ref. 106. r American Chemical Society 2006).
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The dashed line in Fig. 8 was obtained by taking the lowest

energy helical conformation found in the room temperature

MD simulations and calculating its cross section as a function

of temperature. The measured cross sections start to depart

significantly from this line for temperatures above 450 K.

Above 600 K, the cross sections level off at a value only

slightly larger than the room temperature cross section for the

globule. In Fig. 3, the measured cross sections for the AcKA15

+ H+ globule are almost independent of temperature. Thus,

the RA15K points above 600 K are attributed to a globule.

Since the cross sections for a rigid globule decrease with

increasing temperature (see Fig. 3) cross sections that are

independent of temperature indicate that the globule expands

as the temperature is raised. As the globule expands, more

conformations become accessible, and the entropy of the

globule increases. For the RA15K peptide, this increase in

the entropy presumably leads to the globule becoming the

lowest free energy structure as the temperature is raised.

Hydration of unsolvated peptides

The ability to generate unsolvated peptides raises the possibi-

lity of exposing them to water and studying hydration, one

water molecule at a time.107–113 Hydration studies were per-

formed by admitting a known partial pressure of water vapor

into the drift tube, and determining the amount of peptide that

adsorbs water under equilibrium conditions. Fig. 9 which

shows mass spectra recorded for globular AcKA20 + H+

and helical AcA20K + H+ after exposure to 5.9 mtorr of

water vapor at 224 K.112 The low temperature is required to

get the water to stick: at room temperature water does not

stick to either peptide. Even at 224 K, water only sticks to the

globular conformation. Thus, the globule adsorbs water much

more strongly than the helix. At first glance, it might be

thought that the most favorable binding site for the water

would be near the site of protonation. However, MD simula-

tions indicate that this is not a favorable binding site.110–112

The protonation site is involved in several strong intramole-

cular hydrogen bonds to the peptide, and in order to bind the

water, one or more of these hydrogen bonds must be dis-

rupted. The criteria for a strong water binding site is to

maximize the number of new hydrogen bonds formed between

the water and the peptide, while minimizing the disruption of

existing intramolecular hydrogen bonds. The most favorable

binding sites for a water molecule appear to be clefts or

pockets on the peptide surface that the water can enter and

establish a network of hydrogen bonds. These sites are avail-

able on the globular conformation, but lacking on the helix. If

a water molecule is placed near the middle of the helix it either

desorbs or migrates to one of the ends where hydrogen

bonding partners are available. The C-terminus appears to

be the most favorable binding site, because the charge provides

some additional electrostatic stabilization. Even though the

charge site is less well shielded than in the globule, this is still

not a strong binding site, and the water binding energy

remains significantly below that found for the globule, where

a network of hydrogen bonds can be established.

The fact that water adsorbs much less strongly on helices

than globules provides a way to distinguish between these two

conformations for small peptides, where ion mobility measure-

ments are ambiguous because the helix and globule have

similar average cross sections. From studies of the propensity

to adsorb water onto AcAnK + H+ and AcKAn + H+ with

n= 4–10, it was concluded the n= 8 is the smallest AcAnK+

H+ peptide to show a significant helical content.114 Water

adsorption measurements on AcVnK + H+ and AcLnK +

H+ with n = 5–10 suggest that the helix emerges at n = 8 for

these peptides as well.

Non-covalent interactions between unsolvated peptides

Weak non-covalent interactions are responsible for the orga-

nization of secondary structure elements into tertiary structure

domains. Complex formation between unsolvated helical pep-

tides can provide information on the intrinsic intramolecular

interactions between helices in the absence of a solvent. The

head-to-toe helical complex of two AcKA15 + H+ peptides,

shown in Fig. 1(b), was mentioned above. In this complex, the

helical conformation is stabilized by the protonated lysine side

chain from one peptide interacting with the C-terminus of the

other. The AcKA15 + H+ monomer is globular, and the

dimer represents an interesting example of the local environ-

ment changing the secondary structure. Dimers are also ob-

served for peptides that have helical monomers. For example,

the complex formed between Ac(GA)7K + H+ and AcA

(GA)7K + H+ has a cross section that is consistent with the

V-shaped geometry shown in Fig. 10(a).115–117 Here, the

helical peptides are linked by an ‘‘exchanged lysine’’ motif

where the lysine from one peptide interacts with the C-terminus

Fig. 9 Mass spectra for AcKA20 + H+ (top) and AcA20K + H+

(bottom) when exposed to 5.9 mtorr of water vapor at 224 K. (From

ref. 112. r American Chemical Society 2002).
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of the other. This is a common binding motif; the pinwheel-

shaped helical trimer, shown in Fig. 10(b), has a similar

exchanged lysine arrangement holding the helices together.

The calculated cross sections for the pinwheel geometry match

the measured values for the trimer. The trimer is the largest

complex that has been observed for these peptides. The

V-shaped arrangement in Fig. 10(a) is preferred over the

‘‘coiled-coil’’ arrangement with side-by-side helices because,

in the parallel coiled-coil arrangement, the helix dipoles are

parallel, which leads to unfavorable electrostatic interactions.

The pin-wheel shaped geometry minimizes these unfavorable

interactions for the trimer.

When the helices are arranged in an antiparallel arrange-

ment (so that the interaction between the helix dipoles is

favorable) an antiparallel coiled-coil geometry results.118,119

For example, the peptide AcA14KG3A14K+ 2H+ has a helix-

turn-helix motif with two A14K helical units linked together by

a short G3 loop. Fig. 11 shows cross sections recorded for

AcA14KG3A14K + 2H+ as a function of temperature. At low

temperature, three conformations are observed, which are

assigned to the coiled-coil geometry, shown in Fig. 11(a), an

extended or uncoupled geometry where the helices are not

coupled together in a coiled-coil, and a high energy metastable

structure assigned to the geometry shown in Fig. 11(b). At low

temperature, all three conformations are observed, but as the

temperature is raised they all anneal into the coiled-coil

geometry (see Fig. 11). However, as the temperature is raised

further, the helices become uncoupled. This occurs over a

temperature range of 360–410 K. Within this temperature

range, the peak in the drift time distributions remains narrow

and shifts gradually from the position expected for the coiled-

coil to the position expected for the extended or open struc-

ture. This behavior is characteristic of a change occurring

under equilibrium control, where the transition between the

two conformations is fast on the timescale of the drift time

measurements. The value of the measured cross section rela-

tive to the values of the cross sections for the coiled-coil and

extended conformation provides a measure of the time spent in

each conformation, which is related to the equilibrium con-

stant. A Van’t Hoff plot of lnK against 1/T yields the enthalpy

change (DH1 = �49 � 2 kJ mol�1) and entropy change

(DS1 = 124 � 4 J K�1 mol�1) for the helix coupling #

uncoupling equilibrium. DH1 is the enthalpy change for

uncoupling the two helices, the value of 49 kJ mol�1 found

here is mainly due to electrostatic and van der Waals interac-

tions, because there are no specific chemical interactions

binding the helices together in this peptide. DS1 is essentially
the entropy change for freeing up the glycine loop. The back-

bone entropy of glycine has previously been estimated to be

around 28 J K�1 mol�1,120 and 3 � 28 = 84 J K�1 mol�1,

which is close to the measured entropy change (114 J K�1

mol�1). Similar measurements were performed for several

other peptides with a helix-turn-helix motif, examples are

Fig. 10 Conformations of (a) a helical dimer; and (b) a helical trimer

assembled from Ac(GA)7K + H+ and AcA(GA)7K + H+. (From

ref. 115. r American Chemical Society 2002).

Fig. 11 Cross sections recorded for AcA14KG3A14K + 2H+ as a function of temperature. The circular points are assigned to the extended or

uncoupled conformation. The triangular points are assigned to the high energy trapped conformation, and the square points at temperatures less

than 330 K are assigned to the coiled-coil geometry where the helices are aligned. The lines show the extrapolated values for the extended

conformation (upper line) and the coiled-coil geometry (lower line). The conformations on the left show snapshots fromMD simulations. (a) is the

coiled-coil geometry and (b) is the trapped geometry. (From ref. 118 and 119. r American Chemical Society 2003).

Table 2 Enthalpy and entropy changes for helix uncoupling reactions
in unsolvated peptides with a helix-turn-helix motif

Peptide DH1/kJ mol�1 DS1/J K�1 mol�1

G3: AcA14KG3A14K + 2H+ �49 � 2 124 � 4
Sar3: AcA14KSar5A14K + 2H+ �43 � 3 93 � 7
G7: AcA14KG7A14K + 2H+ �56 � 2 158 � 4
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shown in Table 2. In the Sar3 peptide, the G3 loop is replaced

by a loop of three sarcosines. Sarcosine is an isomer of alanine

where the methyl group is located on the amide nitrogen

instead of the a-carbon. As a consequence, sarcosine cannot

form a helical hydrogen bond through the amide nitogen. The

entropy change with a Sar3 loop is significantly lower than

with G3 because the methyl group restricts the conformational

space accessible with the Sar3 loop. With a G7 loop the

entropy change increases substantially, but the change is much

less than four times the backbone entropy of glycine (4� 28 =

112 J K�1 mol�1), because as the loop gets longer, it gets

floppier, and a smaller entropy change is expected.

Conclusions

Some of the factors that stabilize unsolvated helices and sheets

have been identified. Extended b-sheet structures are stable for
neutral peptides in vacuo, but they are disrupted by a charge.

On the other hand, charge plays a critical role in stabilizing the

helical conformation, and helices have not been observed for

neutral peptides. Two main conformations were found for

charged peptides: a helix and globule. In many cases, the

factors that stabilize unsolvated helices are different from the

factors that stabilize them in solution. For example, in the

absence of a solvent, incorporating hydrogen bonding residues

in stabilizing positions destabilizes the helix relative to the

globule. Thus, the most stable unsolvated helices are made

from non-polar amino acids. Charge-stabilized, polyalanine

based peptides remain 100% helical to over 400 1C. Polyala-

nine based helices can be destabilized by incorporating glycine.

By adjusting the number of glycine and alanine residues, the

stability of the helical and globular conformations can be

balanced so that conformational changes occur at close to

room temperature. As the temperature is raised, protons no

longer remain sequestered at the most basic site, but can

become mobile, hopping along the backbone amide groups.

This intramolecular proton transfer can also cause conforma-

tional changes.

Water has a low affinity for unsolvated peptides, even

charged peptides, and it is necessary to cool the system to

quite low temperature before a water molecule will stick. The

most favorable binding sites are pockets or clefts where the

water can establish a network of hydrogen bonds, while

causing the minimum disruption to the existing intramolecular

hydrogen bonding network. The hydration properties depend

on the conformation: globules adsorb water molecules much

more strongly than helices, because helices lack favorable

binding sites.

The ability to design peptides that form stable helices in the

absence of a solvent permits studies of the interactions be-

tween unsolvated helices. The formation of complexes between

helical peptides is one avenue that was explored. The geome-

tries of these complexes are strongly influenced by interactions

between the helix dipoles. Thus, a parallel coiled-coil (side by

side) arrangement of helices is unfavorable, and helices linked

together head-to-head tend repel each other (leading V-shaped

or pinwheel-shaped geometries). On the other hand, the anti-

parallel side-by-side arrangement has favorable interactions

between the helix dipoles. Peptides with a designed helix-turn-

helix motif form a coiled-coil geometry at low temperature,

while the helices become uncoupled as the temperature is

raised.

The results described above provide a first glimpse at the

properties of unsolvated peptides large enough to generate

secondary structure. The goal now should be to develop more

quantitative measures that can provide a thermodynamic scale

for important intramolecular interactions in the absence of a

solvent. One target should be to develop a thermodynamic

scale of the helix propensities in the absence of a solvent. The

helix-turn-helix motif described above provides an opportu-

nity to determine thermodynamic information about specific

interactions between helices. Ultimately, these studies will help

to understand the structures of proteins and protein assemblies

both in solution and in environments where the solvent is

excluded, such as the inside of membranes.
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