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The conformations of unsolvated glycine-based peptides have been probed using high-resolution ion mobility
measurements and molecular dynamics simulations. Alanine-based AtySlE™ peptides have previously

been shown to form helices in the gas phase. In contrast, the polyglycine analogues (Ag<Bly) do not

form helices at room temperature; they adopt random globular conformations. Thus, the stabilities of alanine
and glycine helices in vacuo are consistent with the helix propensities in aqueous solution, where alanine has
the highest helix propensity and glycine has one of the lowest.

Introduction that stabilize the Ac-AlgLysH" helices: helix capping and the
interaction of the positive charge with the helix dipole. So
whether the Ac-Gly-LysH" peptides form helices provides a
simple way to test the relative stabilities of the helical con-
formation for unsolvated glycine and alanine oligomers.

The helix propensities of the different amino acids in
solutiort™ are influenced to some extent by the solverit.
Solvent effects can be probed by examining helix formation in
vacuo®~1! Such studies should ultimately provide a thermody-
namic scale of intrinsic helix propensities, which could then be
used to quantitatively measure the effects of the solvent. We
recently reported studies of the conformations of protonated Molecular dynamics (MD) simulations were performed using
polyglycine, GlyH™, and polyalanine, Algd", peptides inthe ~ the MACSIMUS Molecular Modeling Softwate with
gas phas&.These peptides were selected because of their CHARMM-like potentials (21.3 parameter sét)The bond
dramatically different helix propensities in aqueous solution; lengths were constrained by SHAKEand CH, CH, and CH
alanine has the highest helix propensity while glycine has one units were treated as united atofsn both the Ac-Lys-Gly
of the lowest.=* However, our studies showed that for 20, and Ac-Gly-Lys peptides the protonation site is assumed to be
both oligomers adopt random globular conformations. The the nitrogen in the lysine side chain (protonation at the N
failure to form helical states in vacuo appears to be at leastterminus is blocked by acetylation). The lysine side chain has
partly related to the charge. It is the N-terminus that is protonated the highest K, in solution, and gas-phase basicity measurements
in these peptides, and since the N-terminus is at the positivefor individual amino acids and small peptides are consistent
end of the helix macrodipol®, protonating it destabilizes the  with protonation at the side chain amiffe22 The simulations
helical conformation. were performed with a time step of 1 fs. A dielectric constant

We have recently shown that a stable polyalanine helix can of 1, which is appropriate for small peptides in a vacuum, was
be generated in vacuo by adding a lysine at the C-terrdftls.  used. Multiple simulations of 0.251.0 ns were performed for
In Ac-Ala,-LysH* peptides it is the lysine side-chain that is each peptide at 300 K. The starting structures employed were
protonated. The helical conformation is stabilized by interaction usually either an idead-helix or a fully extended, all-trans
of the charge with the helix dipole and by helix-capping: geometry. Other starting geometries were used in a few cases
hydrogen bond formation between the protonated lysine side (see below). The extended geometries rapidly collapsed to
chain and the dangling carbonyl groups at the C-terminus of random globular conformations in the simulations. Three
the helix13-15 If the lysine is moved to the N-terminus, the simulations were typically performed for each peptide starting
helical conformation is destabilized and Ac-LyS#Ala, peptides from the extended conformation with different initial conditions.
adopt globular conformations. Since we now know how to An average energy was determined from the last 60 ps of each
stabilize alanine helices in the gas phase, it is appropriate toMD run. The average energies of the three MD runs typically
reexamine the difference between alanine and glycine peptidesperformed for each peptide usually differed 20 kJ mof L.
to determine whether the solution phase helix propensities areThe results from the lowest energy simulation were used for
reflected in the gas phase. further analysis. Single MD simulations were performed for each

In this manuscript we report molecular dynamics (MD) peptlde Starting from the helical conformation. Average energies
simulations and experimental studies of the conformations of Were again determined from the last 60 ps. Some simulations
the glycine analogues of the alanine peptides described aboveWere also performed at elevated temperatures to observe large-
We anticipate that polyglycine peptides with a lysine at the spale confo_rmational ch_anges on the MD time scale. These are
N-terminus, Ac-LysH-Gly, will not form a helix, like its discussed in more detail below.
alanine analogue. However, for Ac-GlizysH' peptides the The most energetically stable structures found in MD
helical conformation should be stabilized by the same features simulations for the Ac-GlyLysH" peptides were helical. An

example of an Ac-Glg-LysH" helix is shown in Figure la.

t Present address: Institute for Physical Chemistry, University of Basel, 1hiS Structure was generated from arhelix, but during the
Klingelbergstrasse 80, CH-4056 Basel, Switzerland. simulation it relaxed to a partiat-helix. A z-helix hasi,i+5
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- /% were performed at 700 K for Ac-GlyLysH" starting from an
\._ ti o-helix. In both simulations the helix completely melted and
N then the conformation fluctuated rapidly. In one simulation the

i ] ] ) helix melted within 60 ps, while in the other a short helical
Figure 1. Structures generated in the MD simulations for the Ac- fragment persisted out to around 200 ps before it also completely
Gly,o-LysH' peptide. (a) shows a partial- and partialz-helix, and disappeared
(b) shows a globular conformation. S . .

If the lysine is moved from the C-terminus to the N-terminus
of the glycine polypeptides the hydrogen bonding and charge
dipole stabilization of the helical state vanish, and random
globular conformations are expected to be more stable than
helical ones. MD simulations at 300 K for Ac-LyskGly, pep-
tides that were started ashelices rapidly collapsed to globular
states. The Ac-LysHGly, globules have similar energies to
the Ac-Gly-LysH* globules.

hydrogen bonds (4.4 residues per turn) instead ofifhiet
hydrogen bonds (3.6 residues per turn) incehelix. Simula-
tions started fronw-helices, 3¢-helices {,i+3 hydrogen bonds,
3 residues per turn), and-helices, all quickly rearranged to
partial o- and partialzz-helices like that shown in Figure 1a.
Left-handed Ac-Gly-LysH™ helices were found to be slightly
less stable{15 kJ moi?) than right-handed ones, presumably
because of differences due to thdysine at the C-terminus.
MD simulations performed for uncharged Glyelices suggest
that thea-helix is more energetically stable than thehelix High-resolution ion mobility measuremeft3* were per-

for neutral peptides. However, in MD simulations using the formed for a range of Ac-GlyLysH" and Ac-LysH™-Gly,
GROMOS force field, DiCapua and collaborators found that peptides to examine their conformations. The mobility is a
uncharged polyglycine-helices rearranged inte-helices’ So measure of how rapidly an ion moves through an inert buffer
the relative energies of the- andz-helices in the uncharged gas under the influence of a weak electric figld.he mobility
peptide are sensitive to the details of the force field. To test depends on the ion’s collision cross section with the buffer gas,
this sensitivity for Ac-Gly-LysH*' peptides, some calculations and the cross section depends on the conformafidbur
were performed with AMBER. The AMBER calculations were experimental apparatus, shown schematically in Figure 2,
performed on HyperChem 5.02 (Hypercube Inc., Gainesville, consists of an electrospray source, a 63 cm long drift tube
FL) using the AMBERS3 parameter set. The all-atom potential containing helium buffer gas, and a quadrupole mass spectrom-
and the united atom approximatiSnwvere used for separate eter. The ions are electrosprayed in air and enter the apparatus
simulations at 300 K. AMBER reproduced the partialpartial through a 0.125 mm aperture. They initially enter a small
a-helix found for Ac-Gly-LysH' with CHARMM. So with the differentially pumped region where a substantial fraction of the
CHARMM and AMBER potentials used in this work it seems air and solvent that comes in with the ions through the entrance
that the partiatz-helix in the Ac-Gly-LysH" peptides is induced  aperture is pumped away, along with helium buffer gas that
by the charge at the C-terminus: because of the extra residueenters from the other side. The ions are drawn through this
per turn, ther-helix has an additional carbonyl group available volume by an electric field and then enter a desolvation region
to hydrogen bond to the protonated amine of the lysine (see maintained at room temperature. After passing through the
Figure 1). Thea-helix persists at the N-terminus of these desolvation region, the ions pass through the ion gate and enter
peptides presumably because it has one fewer danglingl N the drift tube. The ion gate consists of a cylindrical channel,

Experimental Methods

group than ther-helix. 0.5 cm in diameter and 2.5 cm long. A helium buffer gas flow
A competing, though less energetically stable structure is a of 900—1800 sccm prevents solvent and air molecules from
“self-solvated” random globule, shown for Ac-GLysH" in entering the drift tube from the desolvation region, while an

Figure 1b. The globules were generated by starting the simula-electric field of 400 V/cm carries the ions through against the
tions from fully extended, all-trans conformations. In the buffer gas flow. The drift tube has 46 drift guard rings, coupled
globules, the backbone carbonyls of the peptide “solvate” the to a voltage divider, to provide a uniform electric field along
charge, and the rest of the peptide wraps around to maximizeits length. A drift field of 160 V cm! was employed along
these interactions. The globular structure was found te b with a helium buffer gas pressure of around 500 Torr. After
kJ mol?! less stable than the helical one for Ac-@hysH™. traveling along the length of the drift tube, some of the ions
However, at 300 K the globules were not observed to convert exit through a 0.125 mm diameter aperture and are focused into
into helices (and the helices did not convert into globules) on a quadrupole mass spectrometer. Following mass analysis, the
the nanosecond time scale of the simulations. Two simulationsions are detected by an off-axis collision dynode and dual
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Figure 3. Drift time distributions measured for GiH*, Ac-LysH*- Figure 4. Plot of the measured and calculated relative collision cross

Glyis, and Ac-Glyig-LysH'. The distributions have been normalized sections against the number of glycine residues forkbty(O), Ac-

to a temperature of 298 K and a helium buffer gas pressure of 525 Gly,-LysH"' (®), and Ac-LysH-Gly, (M) peptides. The dashed lines

Torr. show relative collision cross sections calculated for .8ly The
dashee-dotted lines show cross sections calculated for the AGrGly

microchannel plates. Drift time distributions are recorded by LysH" and Ac-LysH-Gly, globules. The solid line shows cross sections
switching the voltages on a pair of half plates in the ion gate so Salculated for Ac-GlyrLysH" helices.

that a short packet of ions (usually around &) is admitted

to the drift tube. The arrival time distribution of the packet of
ions is recorded at the detector with a multichannel scaler. Ac-
GlyigLys and Ac-Lys-Glyg peptides were synthesized by
Anaspec (Anaspec Inc., San Jose, CA) and used without
purification. In each case there is a distribution of peptide sizes
present because of inefficient coupling in the Fmoc synthesis. .
The presence of a distribution of sizes is not a concern in our peptides.

o i The measured drift times, of the monomers, obtained from
measurements, because specific peptides can be mass SeleCtet?fe drift time distributions, are converted into average collision
The peptides were electrosprayed in formic acid. ' 9

cross sections usify

tions for glycine peptides under different conditions that show
a much higher multimer abundance than is apparent in Figure
3 for Gly;gH*. So the larger dimer and multimer abundance
for Ac-Gly;g-LysH" in Figure 3 does not necessarily indicate
that Ac-Gly-LysH' dimers and multimers are more thermo-
dynamically stable than the dimers and multimers of the other

Experimental Results
p' . o €y _ (187)"71 | 1172 ze ©E1
Figure 3 shows drift time distributions measured for ", Qavg ~ 716 |m rT_IO 1/2T;

Ac-LysH*-Glyss, and Ac-Glyie-LysH*. The drift time distribu- (ke T)
tion for Gly;gH™ was taken from our previous work on i ) ) ) )
polyglycine peptide&.For this peptide the distribution consists I this expressionmiis the mass of the ionm, is the mass of
of a dominant, sharp peak at around 100 ms and broad, low-@ buffer gas atomzeis the charge on the iom is the buffer
intensity features between 60 and 90 ms. The sharp peak aidas number density, is the length of the drift tube, anlflis
around 100 ms is due to the Gdi* monomer, while the broad the drift field. Independent measurements of the cross sections
features between 60 and 90 ms are due to dimers and othe@Most always agree to within 19:2.5 A?). Relative collision
multimers with the samemn/z ratio as GlygH*.2’ This is cross sections derived from the mobility measurements for Ac-
confirmed by performing drift time measurementsrét ratios GlyyLysH', n = 15-19, Ac-LysH™-Gly,, n = 14-19, and
that do not correspond to monomers. For example, the mixed GlyaH", n = 3—22, are plotted against in Figure 4. The
dimer (GlyigH-Gly;gH)?* has anvz ratio halfway between relative cross section scale employed here is defineﬁzgﬁ,)j)
Gly1gH' and GlyigH™. Drift time distributions measured at'z — 11.861 where the cross sectio@g,'gl), isin A2and 11.86 &
ratios corresponding to the mixed dimers have the broad featuress the average cross section per residue determined for an ideal
at shorter drift times but lack the sharp peak at longer drift time polyglycinea-helix with torsion angles fixed at = —57° and
assigned to the monomer. Drift time distributions measured for y = —47°. With this scalep-helices have relative cross sections
the Ac-LysH™-Gly, and Ac-Gly-LysH* peptides show the same  that are independent of the number of glycine residues, and other
general features as the Gy distributions: a sharp peak at conformations have relative cross sections that changernwith
long drift times due to the monomer and a broad distribution at For example, using the analogous scale for alanine, relative cross
shorter times due to dimers and other multimers (see Figure 3).sections for the Ac-AlgLysH™ peptides are independent of
In the distributions shown for Ac-LysHGly;9 and Ac-Glyio- for n > 7, indicating that they have-helical conformations.
LysH* in Figure 3 the dimer and multimer peaks are larger The lines in Figure 4 show average cross sections derived from
than for GlyigH™*. For Ac-Glyig-LysH' the dimer peak is even  the MD simulations. These were evaluated by averaging the
larger than the monomer peak at around 110 ms. The amountcross sections for 50 structures saved at regular intervals
of dimer and other multimers present in these drift time throughout the simulations. The cross sections for the individual
distributions appears to be a strong function of the electrospray structures were determined by the trajectory method of Mesleh
and solution conditions. We have recorded drift time distribu- et al28 For species with well-defined rigid geometries we have

)
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come to expect the calculated mobility to be within 2% of the
measured quantity (if the correct structure is used for the
mobility calculations}® The lines show significant fluctuations
on going from one peptide to the nextiese fluctuations result
from incomplete conformational averaging during the limited
time scale of the MD simulations.

The solid line in Figure 4 shows relative cross sections
determined for the Ac-GlyLysH' helices from the MD
simulations. As noted above;helices will give relative cross
sections that are independentofThe decreasing relative cross
sections for the Ac-GlyLysH™ helices result because they are
partialo- and partiabr-helices. The dasheetotted lines show

relative cross sections calculated for the globular conformations.

They decrease significantly with increasimgbecause these
conformations are substantially more compact thamelices.
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Figure 5. Plot of the energy difference (from MD simulations) between
the helical and globular conformations of the Ac-GlysH™ and Ac-
Ala,-LysH* peptides.

The open points in Figure 4 are measured relative cross sections

for protonated polyglycine peptides, Gliy*, taken from ref 9.

change rapidly on the time scale of the measurenfeiitse

The measured cross sections are in good agreement with thdluctuations in the energy differences between the helical and
cross sections determined for globular conformations of these globular conformations apparent in Figure 5 result from

peptides (dashed line).
The measured relative cross sections for the Ac-Ly&sy,

incomplete conformational averaging. However, it is clear that
the energy difference for the glycine peptide is substantially

peptides (solid squares) in Figure 4 are close to the calculategSMaller than the corresponding difference for the alanine

cross sections for the Ac-LysHGly,, globules (dasheddotted
line). With the lysine at the N-terminus, hydrogen bonding and
charge-dipole stabilization of the helical state vanish, and thus
globular conformations are expected for the Ac-Lys8ly,

analogues+170 kJ mot? for Ac-Alajg-LysHT versus~70 kJ
mol~! for Ac-Glyig-LysH'). The difference in these relative
stabilities is primarily due to differences in the stabilities of
the globules and appears to result mainly from a significantly

peptides. However, the measured relative cross sections for thd0ré negative electrostatic energy in the Ac-ElysH"

Ac-Gly-LysH™ peptides (solid circles), which are predicted to

globules and a less unfavorable strain energy. This suggests that

be helical, are not in good agreement with the cross sectionsth® AC-Gly-LysH" globules are more energetically favorable

calculated for the helical conformations of these peptides. In
fact, the measured cross sections for the AcsGElysH™
peptides are very close to those measured for the Ac-tysH
Gly, peptides. These results indicate that the AcpdhlysH™
peptides adopt random globular conformations. While the
measured cross sections for the Ac@lysH" and Ac-LysH -

than their alanine analogues because they are able to twist upon
themselves to form a greater number of well-aligned hydrogen
bonds, while incurring less strain energy. To determine whether
the relative energies of the helical and globular conformations
of the Ac-Gly-LysH" and Ac-Ala-LysH" peptides were
sensitive to the force field employed, some calculations were

Gly, peptides are close to the calculated cross sections for thePerformed with AMBER using both the all-atom potential and
globules, the measured cross sections are often slightly smallethe united atom approximatidfi.The relative energies of the
than the calculated ones. The calculated cross sections for thefifferent conformations were similar to those found with the

Ac-Glyn-LysH™ and Ac-LysH™-Gly, globules shown in Figure

CHARMM:-like potentials. As described above, the Ac-Gly

4 are average cross sections for the lowest energy globules-ySH" helix rapidly melts in simulations performed at 7(10 K.
obtained by starting the simulations from fully extended, all- [N contrast, m a 1 ns 700 Ksimulation for Ac-AlagLysH™,
trans conformations. In many cases the calculated cross sectiond® helix persisted, albeit with a considerable amount of fraying

differ from the measured ones by significantly more than the
2% error margin usually found with rigid geometri@sThe

particularly from the N-terminus. At one point in the simulation
over half of the helix had unraveled, but it refolded again. It is

fluctuations in the calculated cross sections suggest that the!SO interesting to note that at the elevated temperaturbeiix

problem is mainly due to inadequate conformational averaging.
A better sampling scheme may identify slightly lower energy

often propagated from the C-terminus of the Ac-AlaysH"
peptide and then receded back again to give a puhelix.

structures for many of the peptides, and better averaging should”artial z-helices were not observed in the 300 K simulations
lead to improved agreement between the measured and calcu®f the alanine-based peptides.

lated cross sections.

Discussion

The MD simulations for both Ac-GlyLysH™ and Ac-Ala-
LysH' peptides indicate that a helix is the lowest energy
conformation. However, the helix is not observed for the Ac-
Glyn-LysH™ peptides at room temperature. Figure 5 shows a
plot of the energy difference, from the MD simulations, between
the globular and helical states of the Ac-GlyysH™ and Ac-
Alan-LysH* peptides. There are an enormous number of globular
conformations, and because of the limited time scale of the MD
simulations it is not possible to sample all of them. Previous
studies of protonated polyglycine and polyalanine indicate that
these peptides do not have a single well-defined globular

While the MD simulations clearly indicate that the helical
conformations of the Ac-GlyLysH* peptides are energetically
favored over the globule, it is the free energy that determines
the favored conformation at room temperature. Recent estimates
from multicanonical Monte Carlo simulations suggest that the
—TAS term for the helix to coil (or globule) transition in a
vacuum is around-115 kJ mof? for Alayy at 300 K26 The
energy difference between the Ac-AddysH' helix and
globule is around 170 kJ mol according to MD simulations.
This energy difference approximately equalsl so the free
energy AG) still favors the helix for Ac-Alag-LysH*' at room
temperature (see Table 1). For Ac-GhLysH™, however, the
energy difference between the helix and globule in the simula-
tions (AH) is substantially less, only around 70 kJ mblIn
addition, the entropy difference is expected to be larger for

conformation at room temperature, they have structures thatglycine than for alanine because of the greater conformational
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TABLE 1: Comparison of Estimated AH, —TAS, andAG
for the Helix to Random Globule Transition in
Ac-Ala;g-LysH™ and Ac-Glyio-LysH™ Peptides

peptide AH2kJ molt —TASPkJmol! AG, kJ mol?
Ac-Ala;g-LysH" 170 —115 +55
Ac-Gly;o-LysH' 70 —170 —100

aFrom energy difference in MD simulationsFrom multicanonical
Monte Carlo simulations in ref 30 and from ref 31.

freedom of glycine. This is estimated to contribute at least
another 56-60 kJ moi? to the —TAS tern?! for Ac-Gly;o-
LysH'. So the—TASterm for helix to globule transition of the
glycine peptide is expected to be around70 kJ mot?, and

at room temperature the free energy favors the globular con-
formation (see Table 1). This is consistent with the experimental

observations. MD simulations incorporate entropy implicitly,

and an MD trajectory should spend most of its time in the lowest (Lo
free energy structure (which is not necessarily the structure with

the lowest energy or enthalpy). However, this is only true if

Hudgins and Jarrold
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