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Ion mobility measurements and molecular modeling techniques have been used to survey the gas-phase
structures of a series of alanine-rich peptides. The peptides, examined as [M+ 2H]2+ ions, have the general
forms NH2-(Ala)7-Xxx-(Ala)3-Yyy-(Ala)3 and Ac-(Ala)7-Xxx-(Ala)3-Yyy-(Ala)3, where residues
8 and 12 are randomized. In total, 160 different peptide ions (80 related NH2-terminated and -acetylated
sequences) have been studied. Substitutions of residues 8 and 12 permit an assessment of the influence of
specific interactions between residues in an adjacent helical turn. The formation of helices and globular
structures in the gas phase appears to be sensitive to specific interactions between amino acid side chains. A
preliminary discussion of these results in terms of what is currently known about helix formation in the gas
phase and in solution is given. Overall, it appears that this combinatorial approach to studying sequence-to-
structure interactions that are intrinsic to the peptide is a viable strategy for surveying trends in large numbers
of sequences without interference from solvation effects.

Introduction

Central to understanding protein folding is the question of
what types of interactions favor helices. From early crystal-
lographic data, Chou and Fasman assessed the propensities of
amino acids to be found in different secondary structural motifs.1

Baldwin and co-workers examined the relative stabilities of
helices in alanine-rich peptides having different amino acids
introduced at specific positions in the sequence.2,3 Although
these efforts (and many others) provide benchmarks about how
variations in an amino acid sequence influence structure, it is
still difficult to predict how a given fold will be influenced when
a specific residue is substituted into a polypeptide sequence.
At least in part, this difficulty comes about because sequence
alone does not define the fold; protein structure also depends
on environment. That is, variations of sequence in solution will
also affect factors other than structure, such as solubility or
propensity to form aggregates.

During the last several years, the structures of isolated proteins
and peptides in the gas phase have been examined. These studies
are possible because of developments in mass spectrometry
techniques that allow the gentle production of solvent-free
macromolecular ions.4 Studies of peptide structures in vacuo
should help delineate factors that influence structure in solution.
Several techniques for studying the structures of peptides in
the gas phase are currently under development, including
isotopic H/D exchange of trapped ions;5 measurements of ion
collision cross sections6 and neutral dipole moments;7 studies
of gas-phase ion reactivity8 and fragmentation;9 as well as
molecular mechanics simulations.10 In the present paper, we
have measured cross sections for a series of 80 related peptide
sequences, having the general form NH2- and Ac-(Ala)7-
Xxx-(Ala)3-Yyy-(Ala)3COOH (160 different peptide ions in

total). In cases whereR-helical motifs arise (that is, the formation
of networks of hydrogen-bonding interactions between the amide
backbone group of residuei and the carbonyl group of residue
i + 4 along the polypeptide chain), substitution at residues 8
and 12 allows us to assess whether specific interactions are
favorable or disruptive to helix formation. The analysis of many
related sequences provides information about general charac-
teristics of side chain interactions in the absence of solvation
effects.

Factors that influence the secondary structure of peptides in
solution have been studied extensively. In a recent review,
Baldwin summarized the dominant factors that influence the
formationR-helices: (1) the intrinsic helix propensities of the
component amino acid residues; (2) interaction of charged
residues with the helix macrodipole; (3) N-terminal and C-
terminal capping interactions; and (4) side chain interactions
between residues in adjacent helical turns.3 Evidence from
structural data for proteins1 and peptides11 indicates that the
propensity of an amino acid to be found in helices increases as
Glu < Gln < Lys < Leu < Arg < Ala. The Gly and Pro
residues have low helix propensities and generally disrupt helix
formation. The second factor, charge stabilization of the helix
macrodipole,12 involves interactions between charged amino acid
side chains and the dipoles that arise from the orientation of
NH and CO groups along the backbone. These interactions are
typically distinguished from N- or C-capping interactions (factor
3)13 that involve hydrogen bonding between polar (or charged)
side chains with terminal amide or carbonyl groups.

Most of the studies that have examined how side chain
interactions between residues (factor 4)14 influence helix forma-
tion use sequence scaffolds that are known to be helical and
maintain solubility as substitutions of residues at specific
positions are made. A number of differenti f i + 4 residue
combinations appear to stabilizeR helices, including interactions
between nonpolar-nonpolar,15 aromatic-basic,16 acidic-
basic,17 and polar-polar18 residue pairs. Additionally, the
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unusual stabilities of the folded states of some thermophilic
proteins have been attributed to multiple ion-pairing interactions
between the side chains of amino acids ati andi + 4 positions.19

Table 1 provides a summary of various interactions (and
example residue combinations) that stabilize helices in solution.

Although fewer studies of factors that influence structure in
the gas phase have been conducted, there is now evidence that
peptides can form several types of structures, including tightly
packed globules,20,21 extended helical states,22,23 and a folded
state resembling a hinged helix coil.23 Jarrold’s group has studied
a series of polyamino acids and reported the relative helix
propensities increase as Gly< Val < Ala <Leu,24 an ordering
that deviates from the Gly< Val < Leu < Ala scale reported
from solution work. It also appears that the role of side chain
entropy in vapor phase peptides differs from that in solution.11

Our group has derived information about the average sizes,25

and also volumes,26 of amino acids in heterogeneous sequences
(average results from a database of measurements of tryptic
peptides). The volumes of individual residues in the gas phase
can be substantially smaller than values for crystals, indicating
that globular conformations pack with high efficiency.

In the present paper, we utilize information about general
motifs and the sizes of individual residues to assessi f i + 4
interactions in a series of related sequences that are generated
by a combinatorial synthetic strategy. We have chosen NH2-
terminated and N-terminal acetylated forms of 15 residue
peptides having the general form (Ala)7-Xxx-(Ala)3-Yyy-
(Ala)3-CO2H, where Xxx is varied over the Gly, Ala,γ-Abu,27

Ser, Pro, Val, Thr, Leu, Asn, Asp, Gln, Lys, Glu, Phg, His,
Phe, Cha, Arg, Tyr, and Phe(NO2) residues and Yyy represents
Ser, Leu, Glu, and Lys. This polymer length falls in a range
that makes it possible to assess whether ions have roughly
globular or helical structures. Additionally, this paper is the first
to address the structures of [M+ 2H]2+ ions in detail.
Information about [M+ 2H]2+ ion structure is of topical interest
because of recent attempts to understand peptide dissociation
patterns in the emerging area of proteomics.

Experimental Section

Ion Mobility/Time-of-Flight Measurements. Detailed de-
scriptions of the apparatus used to record collision cross sections
are given elsewhere.28,29Only a brief description is given here.
Solutions of N-terminal acetylated and nonacetylated forms of
four peptide libraries (NH2/Ac-(Ala)7-Xxx-(Ala)3-Ser-
(Ala)3-CO2H, NH2/Ac-(Ala)7-Xxx-(Ala)3-Leu-(Ala)3-

CO2H, NH2/Ac-(Ala)7-Xxx-(Ala)3-Lys-(Ala)3-CO2H, and
NH2/Ac-(Ala)7-Xxx-(Ala)3-Glu-(Ala)3-CO2H) were pre-
pared [∼10-5 M (per peptide) in 45:45:10 trifluoroacetic acid
(TFA):water:acetic acid]. The solutions were electrosprayed
directly into the source region of a high pressure drift tube
coupled to a time-of-flight mass spectrometer. Ions enter the
instrument into a differentially pumped desolvation region and
are then pulled to the front of the drift region using a weak
electric field. We estimate that ions spend∼20 to 60 ms in the
source region of the instrument before reaching the front of the
drift region. Mobility experiments are initiated by gating a short
packet of ions (200µs in duration) into the drift region. In these
studies, the drift tube was operated with helium buffer gas
pressures of∼150 to 170 Torr and a uniform electric field of
171.0 V cm-1. The mobilities of ions depend on both the average
collision cross section and charge state of the ions. For a given
charge state, compact structures will have higher mobilities than
elongated structures. Higher charge state ions experience a
greater drift force than low charge states having a similar cross
section and thus have higher mobilities.

Ions that exit the drift tube are focused into the source region
of a reflectron geometry time-of-flight (TOF) mass spectrometer.
High frequency pulses, synchronous with lower frequency
mobility pulses, are used to initiate the TOF experimental
sequence. Drift times through the high pressure drift region are
substantially longer (ms) than flight times (µs) in the evacuated
TOF region. This difference in experimental time scales permits
the acquisition of hundreds of flight time distributions for each
pulse of ions introduced into the drift tube. We refer to this as
a nested drift(flight) time measurement and denote peaks using
units of ms(µs) in the nomenclature proposed previously.28

Because arrival times at the TOF detector are known with
respect to both the mobility and TOF pulses, drift and flight
time information can be accumulated for the mixture of ions
without changing any experimental parameters. Thus, even small
relative differences in mobilities for different sequences are
highly reproducible.

Peptide Synthesis.Mixtures of peptides were synthesized
using a combinatorial approach. Four different 15 residue
alanine-based peptide libraries were designed to incorporate
specific combinations of amino acid side chain functional groups
at thei and i + 4 positions. Substitution of a single Ser, Leu,
Lys, or Glu residue at position twelve (i + 4) and randomization
over 20 different amino acids at position eight (i) resulted in
four libraries of the general form NH2/Ac-(Ala)7-Xxx-
(Ala)3-Ser-(Ala)3-CO2H, NH2/Ac-(Ala)7-Xxx-(Ala)3-
Leu-(Ala)3-CO2H, NH2/Ac-(Ala)7-Xxx-(Ala)3-Lys-(Ala)3-
CO2H, and NH2/Ac-(Ala)7-Xxx-(Ala)3-Glu-(Ala)3-CO2H
(where Xxx corresponds to Gly, Ala,γ-Abu, Ser, Pro, Val, Thr,
Leu, Asn, Asp, Gln, Lys, Glu, Phg, His, Phe, Cha, Arg, Tyr,
and Phe(NO2)). Randomization at the Xxx position in the Leu
library was limited to only eighteen amino acids (Phg and Cha
residues were omitted).

The Ser, Leu, Lys, and Glu libraries were synthesized
separately in nitrogen-agitated reaction vessels using standard
mix and split protocols30 with Fmoc (fluorenylmethoxycarbonyl)
peptide chemistry.31 Following incorporation of the N-terminal
amino acid, each library was split into two separate fractions.
The first fraction was reserved for peptide cleavage to yield
peptides with free amino termini, and the second fraction was
subjected to N-terminal acetylation using acetic anhydride. The
acetylated and nonacetylated fractions of each library were
cleaved from the solid support and side chain protecting groups
removed using a trifluoroacetic acid (TFA):phenol:water:

TABLE 1: Specific Side-Chain Interactions that Stabilize
Peptide Helicesa

interactions examples

nonpolar-nonpolar Leu-Ile
Leu-Leu
Leu-Val
Tyr-Leu
Tyr-Val

aromatic-basic Phe-His
Trp-His

acidic-basic Asp-Lys
Asp-Arg
Glu-Lys
Glu-Arg
His-Asp

polar-polar Gln-Asp
Gln-Glu

a Adapted from Chakrabartty, A.; Baldwin, R. L.AdV. Protein Chem.
1995, 46, 141 and Baldwin, R. L.; Rose, G. D.Trends Biol. Sci.1999,
24, 26.
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thioanisole:ethanedithiol solution (82.5:5:5:5:2.5 by volume).
Resin peptides were precipitated in ether, washed several times
with ether, and vacuum-dried. The resulting library peptides
were dissolved in 20% aqueous 2-propanol and lyophilized.

Assignment of Experimental Drift(Flight) Time Peaks to
Specific Sequences.Peaks in the drift(flight) time distributions
are assigned as described in detail previously. Briefly, experi-
mental flight times are converted to mass-to-charge (m/z) ratios
using a multipoint calibration. In the present system, the drift-
(flight) time distributions are dominated by a series of [M+
2H]2+ ions.32 Comparisons ofm/z ratios (derived from flight
times) with calculated values for [M+ 2H]2+ ions of the
expected library peptides allow us to unambiguously assign
nearly all of the peaks in each mixture. One pair of peaks in
each library (corresponding to substitution of Gln or Lys) cannot
be unambiguously assigned based on comparisons of experi-
mental and calculatedm/z ratios; them/z difference between
Gln and Lys in [M + 2H]2+ ions is only∼0.1. From other
studies, it appears that the Lys, His, and Arg residues often
influence cross sections in a similar fashion. Thus, for the
analysis presented below, we distinguish between peaks for
sequences containing Lys and Gln by assigning the peak having
a drift time that is similar to the analogous His and Arg peptides
to the Lys peptide.

We also note that in a number of cases we do not observe
peptides containing theγ-Abu and Phe(NO2) residues. Coupling
efficiencies for these amino acids are substantially lower than
those for the other residues.33

Experimental Collision Cross Sections.Experimental col-
lision cross sections are obtained from the relation34

wheretD is the experimental drift time,E is the electric field,T
andP are the temperature and pressure of the buffer gas,L is
the length of the drift region,N is the neutral number density,
kb is Boltzmann’s constant, andmI andmB are the mass of the
ion and the buffer gas, respectively. The experimental param-
eters in eq 1 can be measured precisely, and therefore,
experimental collision cross section measurements are also
expected to be very accurate. Usually, any two measurements
of a collision cross section for any ion using different instru-
ments in our lab differ by less than 1% (relative uncertainty).
In cases where we can compare with other labs, differences are
usually less than(2%.

Molecular Modeling and Calculation of Cross Sections
for Model Conformers. Molecular modeling simulations were
performed using the Insight II35 software package and the ESFF
(Extensible Systematic force field) to obtain energy minimized
model conformers for representative [M+ 2H]2+ library peptide
ions. The simulations were carried out for a minimum of
250 ps at 300 K using a dielectric of 1.0. A total of 50 structures
were obtained for each 250 ps simulation. In some cases,
simulated annealing protocols employing temperatures of
600 K were utilized to obtain representative compact random
globular structures. A variety of initial peptide conformations
were used in the simulations includingR helices,π helices,
trans-extended structures, and random globules.

Theoretical collision cross sections [Ω(calc)] were calculated
for each conformer obtained in the simulations using an exact
hard spheres scattering (EHSS)36 method that has been previ-
ously calibrated37 to values from the more accurate trajectory

method38 using a comparison of cross section values obtained
from EHSS and trajectory calculations for globular and helical
[Alan + H]+ ions.22,20,39 The calibration was verified by
examining a few sequences with both methods, and the
calibrated EHSS values are expected to agree with values for
the more rigorous approach to within(1% (relative difference).
Structures were considered candidate structures if their calcu-
lated collision cross sections were within 2% of the experimental
cross section. The lowest-energy candidate structures within this
cross section range are considered as structural types. A more
detailed discussion of structural assignments is given below.

Grouping of Ions into Structural Types. The experimental
cross sections and calculated cross sections for trial conformers
have been grouped into structural types by a procedure that is
described in detail below. This procedure makes it possible to
remove differences in cross sections that arise from the different
intrinsic sizes of individual amino acid side chains (which are
substituted into the 8th and 12th positions along the polymer
chain). When the differences in side chains are accounted for,
we find that there are several structural types. As described
below, we have divided structural types as helical [a designation
that implies an elongated geometry in which the secondary
structure is made up of helical turns -hydrogen bonding
interactions betweeni(amide) andi + 4(carbonyl) backbone
groups], globular (a designation that that implies compact
geometries with relatively random structures), and other (mean-
ing that the data do not seem to fall within the limits expected
for helical or globular structures).

Results

Drift(Flight) Time Distributions for the NH 2-(Ala)7-
Xxx-(Ala)3-Leu-(Ala)3-CO2H and Ac-(Ala)7-Xxx-
(Ala)3-Leu-(Ala)3-CO2H Libraries. Figure 1 shows drift-
(flight) time distributions for the NH2-(Ala)7-Xxx-(Ala)3-
Leu-(Ala)3 and Ac-(Ala)7-Xxx-(Ala)3-Leu-(Ala)3 libraries.
Peaks for the NH2-terminated peptides fall into two distinct
conformer families: a high-mobility family observed at rela-
tively short drift times for all of the sequences, and a low-
mobility family at longer drift times for the Xxx) Ala, Val,
Leu, Gln/Lys, His, Arg, and Tyr sequences. Note that the mass
difference between the Gln and Lys residues is too small to be
distinguished here. Peaks in the drift(flight) time data for the
acetylated peptides occur at slightly longer drift times than the
corresponding low-mobility ions observed for the NH2-
terminated peptides. Presumably, within the family, different
sequences have similar overall shapes. The slight decrease in
the mobility of the low-mobility family that is observed upon
acetylation (∼2%) is near what is expected from the additional
size associated with the acetyl group.

An initial impression about the types of structures associated
with these families can be obtained by considering one of the
sequences in more detail. Below, we show that when the sizes
of different residues are accounted for the structural types appear
to be general to most of the residue substitutions that have been
examined. The NH2-terminated Ala(i) f Leu(i + 4) sequence
exhibits peaks at drift times of 15.7 and 17.1 ms, and from
eq 1, experimental cross sections of 256.7 and 281.7 Å2, respec-
tively. The 256.7 Å2 value is near the value ofΩ[Ala15 + 2H]2+

) 253.3 Å2 that we reported previously, which corresponds to
a compact globule for a pure polyalanine peptide of the same
length.23 Our previous molecular modeling studies of [Ala15 +
2H]2+ indicated that this ion assumes a compact globular
conformation in which the backbone carbonyl groups solvate
protonated sites along the polypeptide chain. Thus, it appears
that the large peak at 15.7 ms corresponds to a compact globule.

Ω(exp))
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The 281.7 Å2 cross section associated with the larger Ala(i)
f Leu(i + 4) conformation is near the value of 291.5 Å2

reported by Jarrold and co-workers for the 15-residue Lys-
terminated peptide, [Ala14-Lys + H]+, that favors extended
helical structures.20 Thus, from these simple considerations, we
determine that the high- and low-mobility families appear to
correspond to compact and relatively extended structures.

Information About the Relative Abundances of Different
Structural Types. Information about the relative abundances
of the different structural types can be obtained by examining
ion mobility distributions for specific sequences, obtained by
integration of the drift(flight) time data over specific flight time
windows. Figure 2 shows examples for NH2- and Ac-
terminated peptides for the Ala(i) f Leu(i + 4), Leu(i) f Leu-
(i + 4), and Phe(i) f Leu(i + 4) substitutions. The NH2-
terminated sequences are dominated by peaks corresponding
to the higher-mobility compact ions. A smaller peak (associated
with the arrival of lower-mobility elongated ions) is also
observed for the Ala(i)fLeu(i + 4), Leu(i)fLeu(i + 4)
sequences; however, this feature is much smaller in the Phe-
(i)fLeu(i + 4) peptide. As noted above, these low-mobility
peaks occur near a large peak that dominates the drift time
distributions recorded for the analogous Ac-terminated peptides.

Overall, the trends that are shown in these three sequences
appear to be general to all of the sequences that we have studied
(including those that are discussed below for the other libraries).
That is, nearly all of the amino-terminated sequences show
evidence for a compact state [the only exceptions being those

sequences that involve two basic substitutions: NH2-Lys(i) f
Lys(i + 4), NH2-His(i) f Lys(i + 4), and NH2-Arg(i) f
Lys(i + 4)]. Many of the distributions for the amino-terminated
sequences also show evidence for a peak at longer times (at
drift times that are similar to the corresponding Ac-terminated
form), and the relative abundance depends on the peptide
sequence. For the analysis that follows, we consider any
reproducible feature that comprises more than 5% of the
distribution to be a peak. Features that comprise less than 5%
of a distribution are often not observed in replicate experiments.

Drift(Flight) Time Distributions for the NH 2-(Ala)7-
Xxx-(Ala)3-Yyy-(Ala)3 and Ac-(Ala)7-Xxx-(Ala)3-
Yyy-(Ala)3 Libraries. Figures 3 and 4 show drift(flight) time
distributions for the NH2- and Ac-terminated forms of analogous
libraries corresponding to Yyy) Ser and Glu. Although the
detailed positions of individual peaks in each library differ from
those shown in Figure 1, the overall trends in the data are
similar. As shown below, it appears that many of the changes
associated with differences in the positions of peaks arise due
to the different amino acid sizes. Overall, the distributions for
these libraries show that all of the NH2-terminated sequences
form compact globules; some also form elongated structures.
As discussed above, the Ac-terminated forms of these sequences
favor extended structures.

Figure 5 shows the drift(flight) time distribution for the library
of peptides having Yyy) Lys. This distribution displays several
distinct differences (compared with the distributions for the Yyy
) Leu, Ser, and Glu). In particular, the NH2-terminated peptides

Figure 1. Ion mobility/time-of-flight data for the NH2-(Ala)7-Xxx-(Ala)3-Leu-(Ala)3-CO2H peptide library (part a) and the Ac-(Ala)7-
Xxx-(Ala)3-Leu-(Ala)3-CO2H (part b). These data were recorded using helium buffer gas pressures of 157.8 (a) and 158.0 Torr (b) and a drift
field of 170.97 V cm-1. Drift times have been normalized to 150.0 Torr to allow direct comparison of experimental drift times for different data
sets. Peak intensities are indicated in the plots using a false color scale in which darker colors represent higher intensity features. To represent low
intensity peaks in the IMS/TOF distributions, no baseline intensity cutoff was used. Average drift times for high and low mobility families (types
I and II, respectively) are indicated using the horizontal dashed lines. Peaks are labeled according to the identity of the Xxx amino acid residue.
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show only a single conformer family. For most of these
sequences, experimental drift times indicate that these ions have
compact structures. The only exceptions are for Xxx) Lys,
His, or Arg; these substitutions lead to peptides that have drift
times that fall between the values expected for the compact and
elongated forms (see Figure 5). The acetylated peptides also
show well-defined peaks, consistent with elongated conforma-
tions (as observed in other libraries). However, the Xxx) Lys,
His, and Arg peptides have drift times that are similar to their
NH2-terminated forms suggesting that the conformations of these
sequences are not significantly influenced by the character of
the N-terminal group.

Discussion

Overview of Approach Used to Group Ions into Structural
Families. An understanding of how the ion mobility results
presented above are related to the conformations of the peptide
sequences is complicated by several factors; therefore, it is useful
to provide a detailed discussion of the approach that we used
to assign a given sequence to a structural type. We start by
noting that the study of these sequences as [M+ 2H]2+ ions
introduces a complexity associated with where protons are
located along the peptide chain. A system of 15 equivalent
protonation sites would have 105{15!/[2! (15-2)!]} unique
configurations for proton placement. It is not practical to perform
molecular modeling simulations for all of these configurations
-even for a single sequence. Therefore, we rely on previously
reported thermochemistry to restrict the possible protonation
sites to a reasonable number and explore these. Once reasonable
configurations for different conformations have been identified,

it is possible to examine some sequences in detail. In this case,
we calculate cross sections for low-energy structures of specific
sequences and compare the results with those of the experiment.
In the end, these comparisons suggest that sequences form only
a few major conformer types, compact globules and extended
structures that contain at least several helical turns (in many
cases it appears that these structures are almost entirely helical).
Having established that most structures fall into these two
categories, it is useful to present the data in a context that is
relevant to the previous work involving alanine polymers. We
do this by accounting for differences in the sizes of each amino
acid in the peptide sequence and plotting the data on the relative
cross section scale that was developed previously.22 Below, we
provide a detailed account of both the molecular modeling
results and relative cross section analyses. A final caveat is that
we do not intend to imply that we understand the structure at
the level of atomic detail but rather that we have identified which
sequences are likely to fall into a given structural family.

Influence of the Protonation Sites on the Structures and
Stabilities of [M + 2H]2+ Ions. The most dramatic effect that
is observed in these studies is associated with the structural
differences that are observed when the basic amino terminus is
blocked by acetylation. This indicates that the locations of
protons have a pronounced influence upon the conformation of
ions. A complication that arises is that the location of charged
sites is unknown. To gain a feeling about where charges reside,
we have conducted a series of molecular modeling simulations
in which protonated sites are systematically varied along the
backbone of the peptide. Cassady has previously reported ab
initio calculations at the MP4 level for the [Gly3 + H]+ system

Figure 2. Ion mobility distributions obtained by integration of the ion mobility/time-of-flight data over regions of the dataset corresponding to the
[M + 2H]2+ ions of the Ala(i) f Leu(i + 4) [part a], Leu(i) f Leu(i + 4) [part b], and Phe(i) f Leu(i + 4) [part c] sequences. Mobility data for
the NH2- and Ac-terminated forms of each sequence are shown in the bottom and top distributions, respectively. Drift times have been normalized
to a pressure of 150.0 Torr.
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and examined the relative proton affinities of different sites
along the Gly3 polypeptide.40 Relative to the most basic
N-terminal amino group, the next most basic position is the
carbonyl group closest to the N-terminus, followed by the
backbone carbonyl group closest to the C-terminus. These sites
are less basic than the amino terminus by∼5.0 and 12.4 kcal
mol-1, respectively. Relative proton affinities should be analo-
gous for the peptides studied here, especially if helices are
formed, because addition of a proton to the C-terminal residue
will stabilize the helix macrodipole.

Figure 6 shows a plot of calculated energies for a series of
molecular modeling studies for the Ac-Ala(i) f Leu(i + 4)
sequence with different protonation configurations. Simulations
were initiated fromR-helical structures with one proton fixed
on the backbone carbonyl group of residue 14 and the other
placed at one of the remaining carbonyl groups. The simulation
was carried out at 300 K for 250 ps. A series of longer
simulations performed for a few sequences suggests that results
do not vary substantially from those that are presented in Figure
6. A plot of the average energies for the lowest 20 energy
conformations obtained in the simulations shows that, when the
first proton is positioned at residue 14 and the second is located
at positions 10-13, highly helical conformations (having
relatively low energies) are generated. As the position of the
second charge is moved toward the N-terminal side of the
peptide (from residue 9-1), helical turns are disrupted and
relatively open random structures are formed. The calculated
energies for these structures are substantially higher than those
for helices.

An additional parameter that helps to constrain the possible
proton locations is the experimental collision cross section value

of 287.7 Å2 for the Ac-Ala(i) f Leu(i + 4) sequence.
Calculated cross sections for the low-energy structures used in
Figure 6 are 289.8( 3.8, 288.4( 4.5, 306.6( 4.7, and 301.7
( 1.9 Å2, when the second proton is positioned at residue 13,
12, 11, and 10, respectively. Although several of these values
are near the 287.7 Å2 experimental value, the closest agreement
comes from conformations generated upon placing the second
proton at residue 12. The structures generated for this assignment
favor aπ-helical turn on the C-terminal end. Thisπ character
shortens the peptide helix slightly relative to an idealR helix.

Examination of other proton configurations also is guided
by Cassady’s result that the second most basic site in the NH2-
Gly3-COOH system is the backbone carbonyl group of the
N-terminal residue. The results of simulations in which the first
proton is fixed to this backbone group of the Ac-Ala(i) f Leu-
(i + 4) sequence and the second is positioned at one of the
remaining backbone carbonyl groups are shown in Figure 7.
The low-energy structures that are found are globules, even
though the initial structure was a helix. However, the average
energies of conformations in which the second charge is located
at the carbonyl groups of residues 13, 12, 11, and 10 are 33.3,
14.2, 19.8, and 9.9 kcal mol-1 above the values for the helices,
respectively. In many cases, the globules from the simulations
have cross sections that are near the experimental values for
the high-mobility NH2-terminated peptide ions.

Detailed Molecular Modeling Studies of a Few Sequences
and Assignment of Structural Types.Because of the large
number of different sequences that are examined here, it is not
practical to carry out detailed molecular modeling simulations
and cross section calculations for every peptide. Below, we use
our previous estimates of the intrinsic sizes of different amino

Figure 3. Ion mobility/time-of-flight data for the NH2-(Ala)7-Xxx-(Ala)3-Ser-(Ala)3-CO2H peptide library (part a) and the Ac-(Ala)7-
Xxx-(Ala)3-Ser-(Ala)3-CO2H (part b). These data were recorded using helium buffer gas pressures of 154.2 (a) and 155.0 Torr (b) and a drift
field of 170.97 V cm-1. Drift times have been normalized to 150.0 Torr.
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acids25 to remove contributions to the cross section that arise
from variations in the sizes of the side chains and plot the data
on Jarrold’s relative cross section scale.22 This makes it possible
to make some general assignments of structural type. For these
assignments, it is instructive to examine a few sequences more
rigorously. In this section, we focus the discussion on the NH2-
and Ac-terminated Ala(i) f Leu(i + 4) system from above.
However, we note that analogous studies of several other
sequences yield similar results.

The simulations presented above regarding the energetics
associated with different charge site assignments have been used
to define starting points for molecular modeling simulations for
different sequences. We have fixed protons at the amino
terminus and closest backbone carbonyl as well as the carbonyl
groups of residues 12 and 14 for the amino- and acetyl-
terminated forms. The simulations indicate that extended states
that display at least several helical turns are favored when
charges are assigned to residues 12 and 14. Compact globular
configurations are favored when charges are assigned to the
amino terminus and the carbonyl group of residue 1.

Figure 8 shows the results for the lowest-energy group of
conformations that were found in a detailed series of simulations
for the NH2- and Ac-terminated Ala(i) f Leu(i + 4) peptides.
Protonation of the backbone carbonyl groups of residues 12 and
14 yields nearly identicalπ/R-helical conformations for the NH2-
and Ac-terminated peptide forms. The average calculated cross
section for the 20 lowest-energy NH2-terminated helical struc-
tures is 285.3( 6.6 Å2, near the value determined from the
lower intensity experimental peak in Figure 2 (281.8 Å2). The
higher intensity peak in Figure 2 for the NH2-Ala(i) f Leu(i
+ 4) peptide has a drift time of 15.7 ms, which givesΩ(exp)

) 256.7 Å2. This value agrees with the calculated cross section
(256.7( 4.2 Å2) for the low-energy structures obtained in the
simulations when charges are placed on the N-terminal amino
group and the carbonyl group of residue 1. Other charge site
assignments also lead to globules that are in agreement with
the experiment.

Summary of Results Plotted on a Relative Cross Section
Scale for Polyalanine.From the comparisons of experiments
and theory for ten Xxx(i) f Yyy(i + 4) sequences as amino-
and acetyl-terminated forms, we conclude that most of the peaks
that we have observed in these studies fall into two basic types
of structures: a structure that is compact and globular and a
structure that is significantly more extended and displays several
helical turns.

It is useful to plot the experimental cross sections on a scale
that removes differences that arise from variations in the sizes
of the different side chains. Here, we plot the results on a relative
cross section scale, defined asΩ(exp) - [14.50n - p(Xxx) -
p(Yyy)], where 14.50 is Jarrold’s calculated average cross
section per residue for an ideal polyalanine helix andn is the
number of alanine residues in the sequence (n ) 13 for
sequences in which neither Xxx nor Yyy is Ala). The terms
p(Xxx) andp(Yyy) correspond to the intrinsic contributions to
the cross section from a single amino acid residue (determined
from measurements of tryptic peptides, as reported previously).25

Table 2 lists the values forp(Xxx) and p(Yyy) along with the
intrinsic size parameters that are used to calculate them.

Figure 9 shows plots of relative cross sections as a function
of the Xxx residue for each of the NH2- and Ac-terminated
libraries. Nearly all of these relative values fall into two general
structural types. For example, relative cross sections ranging

Figure 4. Ion mobility/time-of-flight data for the NH2-(Ala)7-Xxx-(Ala)3-Glu-(Ala)3-CO2H peptide library (part a) and the Ac-(Ala)7-
Xxx-(Ala)3-Glu-(Ala)3-CO2H (part b). These data were recorded using helium buffer gas pressures of 152.8 (a) and 152.9 Torr (b) and a drift
field of 170.97 V cm-1. Drift times have been normalized to 150.0 Torr.
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from ∼20 to 35 are observed for the majority of NH2-terminated
sequences. These values are similar to the relative cross section
of ∼19 reported for a singly charged [Ala15 + H]+.22 In other
work, we have recorded the cross section for [Ala15 + 2H]2+

and include the relative cross section for this ion (∼35) for
comparison.23 The observation that a specific sequence has a
relative cross section that falls within the∼19 to ∼35 range
for globules of [Ala15 + H]+ and [Ala15 + 2H]2+ suggests that
it has a globular structure.

Of the 80 different NH2-terminated sequences studied here,
only one His(i) f Lys(i + 4) does not show a peak that falls
within the expected range for globules. However, the Lys(i) f
Lys(i + 4) and Arg(i) f Lys(i + 4) sequences are also near
the upper limit of our globule range. We note that, in each of
these cases, it is likely that protons are associated with the highly
basic side chains of these residues. Molelcular modeling results
for these ions suggest that none of these sequences should be
assigned as globules or helices. Instead, it appears that Cou-
lombic interactions between the two nearby charged side chains
forces the peptides to adopt extended (random-like) structures
between residues 8 and 12. Overall, these three sequences appear
to behave differently than the other sequences studied here.

As shown in Figure 2 many of the NH2-terminated sequences
show two peaks. The conformations that arrive at longer times
have relative cross sections that are in close agreement with
the values that are obtained for the Ac-terminated sequences.
Nearly all of the Ac-terminated peptides have relative cross
sections that fall within a range of∼48 to 67. The relative cross
section for Jarrold’s [AlanLys + H]+ helix calculated using our
size parameter for Lys is 59. However, as noted above in the
molecular modeling studies, it appears that the best assignment

of our peptides is a mixedπ/R helix. The somewhat shorter
structures are expected to have smaller relative cross sections.

To examine this idea in more detail, we created structures
that are based on the structure in Figure 8 in which a last turn
on the C-terminal side involves anπ turn. We estimate the
relative cross section for the largest Xxx and Yyy residues (Arg
and Glu, respectively) to be 59; the relative cross section for
the smallest combination Gly and Ser is 49. The majority of
the Ac-terminated sequences fall within this helical region. Many
of the lower mobility NH2-terminated conformers observed for
specific i f i + 4 amino acid pairs also fall within this range.

The only sequences that consistently fall outside or on the
edges of the range expected for compact globules and extended
helices are the Lys(i) f Lys(i + 4), His(i) f Lys(i + 4), and
Arg(i) f Lys(i + 4) sequences. As noted above, these structures
appear to be extended in the region between residues 8 and 12.
Other than this, it is difficult to ascertain any other structural
characteristics that are reproducible in the molecular modeling
simulations. Thus, we refer to these simply asotherconforma-
tions.

Relative Abundances of Globules, Helices and Other
Conformations for the NH2-(Ala)7-Xxx-(Ala)3-Yyy-
(Ala)3 Sequences.Figure 10 provides information about the
relative abundances of the globular, helical, andother confor-
mations for every NH2-(Ala)7-Xxx-(Ala)3-Yyy-(Ala)3 pep-
tide sequence examined here. Several trends are apparent in
these data. We start by noting that the NH2-Xxx(i) f Lys(i +
4) system appears to be unique. In these peptides, no Xxx
residue substitutions appear to favor formation of NH2-
terminated helical conformations, only globular structures are
observed. It is likely that protonation of the basic butylamine

Figure 5. Ion mobility/time-of-flight data for the NH2-(Ala)7-Xxx-(Ala)3-Lys-(Ala)3-CO2H peptide library (part a) and the Ac-(Ala)7-
Xxx-(Ala)3-Lys-(Ala)3-CO2H (part b). These data were recorded using helium buffer gas pressures of 161.0 (a) and 161.4 Torr (b) and a drift
field of 170.97 V cm-1. Drift times have been normalized to 150.0 Torr.
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side chain prohibits the stabilization of helical structures because
of unfavorable interactions with the helix dipole. Molecular
modeling simulations for several representative NH2-Xxx(i)
f Lys(i + 4) peptides show substantial disruption of the helix
due to solvation of the protonated Lys side chain by electrone-
gative backbone carbonyl groups (data not shown). As noted
above, when Xxx is a basic residue, the conformer type appears
to be relatively open between the 8 and 12 residues with no
other discernible structure. Experimental cross sections for these
conformations are consistent with conformations from modeling
simulations in which the Lys and basic Xxx residues are
protonated. We have classified this structural type asother.

NH2-terminated helices in the Yyy) Leu, Ser, and Glu
libraries appear to fall into families defined by the residues at
both the Xxx and Yyy positions. For some of these sequences,
helix stabilization is easily rationalized, and for others, the
observation of helical structures is more difficult to understand.
One trend observed in these data involves the formation of NH2-
terminated helices by peptides with polar amino acids at both
the Xxx and Yyy position. The abundances of these helical
conformations (relative to globular structures) are shown in the
left panel of Figure 10. A partial listing of these helical
sequences includes: NH2-Ser(i) f Ser(i + 4), NH2-Gln(i)
f Ser(i + 4), NH2-Lys(i) f Ser(i + 4), NH2-Ser(i) f Glu(i
+ 4), NH2-Gln(i) f Glu(i + 4), NH2-Glu(i) f Glu(i + 4),
and NH2-His(i) f Glu(i + 4). Polar amino acid residues placed

at the Xxx(i) and Yyy(i + 4) positions introduce the potential
for favorable contacts between the side chains of residues in
adjacent helical turns.

We have used molecular modeling simulations for specific
combinations of Xxx(i) and Yyy(i + 4) polar amino acids to
investigate the influence of side chain hydrogen bonding
interactions on helix stability. Figure 11 shows the results from
a simulation for the NH2-His(i) f Glu(i + 4) sequence. Two
differentπ/R-helical structures with relatively similar calculated
cross sections are shown in the figure. The first structure
includes a hydrogen bond between the His and Glu side chains,
and the second shows the side chains rotated away from one
another. The calculated cross section for the first structure is
285.6 Å2 in good agreement with the experimental cross section
of 284.9 Å2 obtained for this peptide. The second structure in
which the side chains do not interact has a calculated cross
section of 289.5Å2. The helix with the His-Glu interaction
corresponds to the lowest-energy structure obtained in the
simulation. The calculated energy for this structure is-157.27
kcal mol-1, nearly 5 kcal mol-1 less than the calculated energy
of the structure in which the side chains do not interact (-152.66
kcal mol-1).

General Trends among Side Chains that Appear to Favor
Helices.The results and molecular modeling presented above
indicate that Ac-terminated peptides favor elongated states
containing substantial helical character, for nearly all of the

Figure 6. Average energies for the twenty lowest-energy structures obtained in a series of molecular modeling simulations for [M+ 2H]2+ ions
of the Ac-terminated Ala(i) f Leu(i + 4) sequence. The simulations were performed for 250 ps at 300 K using anR-helical starting structure. For
each simulation, one proton was fixed on the backbone carbonyl group of the 14th residue. Energies are plotted with respect to the location of a
second proton on each of the remaining backbone carbonyl groups. Error bars represent one standard deviation of the calculated average energies.
Sample structures in the figure correspond to the lowest-energy conformers obtained in the simulations for the (i ) 14, 13), (i ) 14, 10), (i ) 14,
6), and (i ) 14, 1) proton configurations. The C-terminus and acetylated N-terminus for each structure are indicated using “C” and “NAc”. In
addition, protonated backbone carbonyl groups are indicated for each structure using a “+” symbol. Calculated collision cross sections for these
representative structures are 287.9, 303.9, 312.1, and 306.0 Å2, respectively. The calculated cross section for the (i ) 14, 12) structure is in close
agreement with the experimentally obtained cross section for the Ac-terminated Ala(i) f Leu(i + 4) peptide (287.7 Å2).
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sequences that we have studied. The NH2-terminated peptides
display much more interesting behavior. We start by noting that
[Ala15 + 2H]2+ ions favor compact globules. It appears that
only specific types of substitutions are sufficient to favor
extended helical states.

Figure 10 shows a plot of the relative abundances of different
conformer states for the range of Xxx and Yyy substitutions
that have been explored for the NH2-terminated peptides in this
study. This plot also assumes that the different states fall into
three basic structural types: helix, globule, and other (as
determined from the analysis given above). It is interesting to
note that the Yyy) Lys system behaves differently than the
Leu, Ser, and Glu systems. There is no evidence for formation
of extended helical states for any of the Xxx(i) f Lys(i + 4)
interactions. This is presumably because charges are localized
at the amino terminus and the basic Lys residue, such that the
net charge is distributed on the N-terminal side of the peptide
chain in all sequences. This would be consistent with our
previous work on polyalanine peptides; in this system, it appears
that helices are observed only when the charge-distribution shifts
to the C-terminal side of the peptide.23

Conversely, a number of specific Xxx(i) f Yyy(i + 4)
interactions appear to favor helices in the Yyy) Leu, Ser, and
Glu sequences. The interpretation of these results must be
handled cautiously because the ion structure may reflect states
that are trapped during the ESI process, rather than a distribution
that is defined by the relative stabilities of different conformers
(influenced by the side chain). However, this said, these

interactions can be categorized according to the side chain
functional groups of the amino acids at the Xxx and Yyy
positions. For example, Xxx(i) f Leu(i + 4) interactions favor
helices when Xxx corresponds to a nonpolar residue, such as
Ala, Val, and Leu or the basic Lys, His, and Arg residues. The
Xxx ) Tyr sequence also forms a small amount of helix. It
appears that interactions of the Yyy) Leu residues with other
nonpolar residues as well as basic groups favor helices in the
gas phase. The Yyy) Ser system favors helices when Xxx)
Ala and Val but not when Xxx corresponds to Leu. Additionally,
this system favors helices for several aromatic residues (Tyr
and Phe(NO2)), several polar residues (Ser, Thr, Gln, and Glu),
as well as the basic Lys, His, and Arg groups. The Yyy) Glu
sequences do not appear to favor helices when Xxx is a nonpolar
group. Instead, the aromatic [Phe, Tyr, and Phe(NO2)], polar
(Ser, Thr, Gln, and Glu), and basic (Lys, His, and Arg) groups
favor helices.

Simulations, Consistent with Favorable and Unfavorable
Side Chain Interactions.Some insight regarding the influence
of a given side chain combination on helix formation can be
obtained by examining the structures that are observed at
intermediate times during the molecular modeling simulations.
If an R-helical structure is used as the initial structure, some
Xxx(i) f Yyy(i + 4) combinations appear to interact favorably,
effectively locking the helical structure of the backbone into
place, while with other interactions the initial helix is quickly
disrupted (resulting in the formation of globular conformers).
An example of a favorable Xxx(i) f Yyy(i + 4) combination

Figure 7. Average energies (and standard deviations) for the 20 lowest-energy structures obtained from molecular modeling simulations (identical
to those used in Figure 6) for the Ac-terminated Ala(i) f Leu(i + 4) sequence. In these simulations, one proton was fixed on the backbone
carbonyl group of the N-terminal amino acid residue. Energies are given with respect to the location of the second proton on each of the remaining
backbone carbonyl groups in the peptide. Representative structures in the figure are the lowest-energy structures from the simulations for the (i )
1, 12), (i ) 1, 8), (i ) 1, 4), and (i ) 1, 2) proton configurations. The C-terminus and acetylated N-terminus for each structure are indicated as “C”
and “NAc” and the locations of protonated backbone carbonyl groups are given using a “+” symbol. Calculated collision cross sections for these
representative structures are 303.9( 23.6, 271.0( 2.5, 293.5( 6.3, and 264.2( 4.3 Å2, respectively.
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is shown for the His(i) f Glu(i + 4) combination in Figure 11.
The additional hydrogen bond that is formed for these side
chains stabilizes the helix by∼5 kcal‚mol-1. Upon disrupting
the helix, we can generate higher-energy structures with globular
conformations; in these structures, we find no clear interactions
between side chains that would stabilize the globule. Thus, it
appears that one role that side chain interactions play in favoring
helices in the gas phase is to lower the energy of the helix
relative to the globule.

A number of other Xxx(i) f Yyy(i + 4) combinations show
similar behavior; for example, limited modeling results (initiated
from helical starting structures) show that combinations Xxx
) Glu with Yyy ) Tyr, Phe(NO2), Ser, Thr, Gln, and Glu and
also neutral forms of the Lys and Arg residues can be stabilized
by hydrogen bonding interactions between the side chains.
Additionally, interaction of the OH group of the carboxylic acid
side chain of Glu with the center of the aromatic ring in Phe
appears to stabilize helices; although the calculated energetics
of this interaction appears to be only∼2 kcal mol-1. Similar
interactions are also observed in combinations associated with
the Yyy ) Ser library for Xxx) Tyr, Phe(NO2), Ser, Thr, Gln,
Glu, and neutral forms of the Lys, His, and Arg residues.

Alternatively, examination of intermediate structures in
simulations for some Xxx(i) f Yyy(i + 4) combinations in
the Yyy ) Glu and Ser libraries suggests that side chains aid
in disrupting the helix. Although we anticipated that the
interactions of the polar Glu and Ser side chains with nonpolar
side chains would be less stable than with polar groups, we
were somewhat surprised that the presence of a single polar
group in the sequence actually appears to initiate helix unfolding.
In this case, in the absence of strong stabilizing interactions
between the side chains, the polar residue associates with CO
or NH groups along the backbone, and in doing so, the initial

i f i + 4 hydrogen bonding network of the helix is disrupted.
This type of disruption allows the helix to unravel near the
middle of the sequence, rather than from the ends, as has been
reported previously. We note that the Yyy) Ser system displays
less of this type of behavior in the modeling than the Glu system.
Although our current molecular modeling studies have not
provided a clear explanation of this, it appears that the small
size of the Ser residue may prohibit it from forming hydrogen
bonds with the backbone. This may be because the initial helical
structure must distort (breaking bonds between backbone CO
and NH groups) before the hydroxyl side chain of Ser can
interact closely with polar backbone groups.

Finally, we note that the Yyy) Leu system favors helices
for Xxx ) Ala, Val, Leu, and Tyr. Molecular modeling
simulations for these sequences do not show significant interac-
tions between the nonpolar side chains at the Xxx and Yyy
positions. Relative energies for conformers in which these side
chains are in close proximity to one another are similar to
energies for structures in which the side chains are rotated away
from one another. These studies suggest that, although nonpolar
side chain interactions do not appear to stabilize helical
structures, the side chains do not destabilize the helix by
interacting with backbone CO and NH groups as is observed
for isolated polar side chains.

Summary and Conclusions

A combination of ion mobility measurements and molecular
mechanics simulations have been used to evaluate the structures
of a series of [M+ 2H]2+ ions having the general forms NH2-
(Ala)7-Xxx-(Ala)3-Yyy-(Ala)3 and Ac-(Ala)7-Xxx-(Ala)3-
Yyy-(Ala)3, where residue 8 (Xxx) and residue 12 (Yyy) have
been systematically varied in order to probe the influence of
different side chain interactions upon the formation of helical
structures. The results that are presented are at a very early stage
of interpretation and thus the current work should be viewed

Figure 8. Lowest-energy structures obtained from molecular modeling
simulations for the [M+ 2H]2+ NH2-terminated and Ac-terminated
Ala(i) f Leu(i + 4) peptide ions. The simulations were performed for
250 ps at a temperature of 300 K. Part a shows the lowest-energy
structure obtained in a simulation for the NH2-Ala(i) f Leu(i + 4)
peptide with protons placed at the N-terminus and backbone carbonyl
group of the first amino acid residue. The calculated collision cross
section for this structure (251.1 Å2) is in close agreement with the
experimental cross section for the compact NH2-terminated Ala(i) f
Leu(i + 4) peptide (256.7 Å2). Part b shows the lowest-energy structure
for the NH2-Ala(i) f Leu(i + 4) simulation in which protons were
placed on the backbone carbonyl groups of amino acid residues 12
and 14. The calculated cross section for this conformer is 285.9 Å2, a
value close to the experimental value of 281.8 Å2 measured for the
elongated form of this sequence. Part c shows the lowest-energy
structure for the Ac-terminated Ala(i) f Leu(i + 4) peptide with protons
placed on the backbone carbonyl groups of residues 12 and 14. The
calculated collision cross section for this structure (287.9 Å2) is similar
to the experimentally obtained cross section for the Ac-terminated
peptide (287.7 Å2).

TABLE 2: Relative Collision Cross Sections Derived from
Intrinisic Size Parameters

residue
intrinsic size
parametera

residueΩ
from polyalanine

fit (Å 2)b

Gly 0.99 13.65
Ala 1.08 17.35
γ-Abu 0.84 15.32
Ser 0.99 18.25
Pro 1.00 19.82
Val 1.08 21.69
Thr 1.00 20.35
Leu 1.19 26.02
Asn 0.94 20.66
Asp 0.89 19.66
Gln 0.98 23.10
Lys 1.23 29.01
Glu 0.91 21.55
Phg 0.95 22.90
His 0.93 22.78
Phe 1.05 26.77
Cha 1.38 35.98
Arg 1.27 33.40
Tyr 0.99 26.60
Phe(NO2)

a Valentine, S. J.; Counterman, A. E.; Clemmer, D. E.J. Am. Soc.
Mass Spectrom.1999, 10, 1188.b These data are derived by scaling
the intrinsic size parameters derived previously by a relation that
normalizes for differences in residue mass. In the present system, the
relation used wasΩ ) 1/15(-2.724× 10-5 (MW15)2 + 0.2141 (MW15)
+ 40). See ref 25 for a more detailed discussion of this type of
treatment.
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as a survey of what types of structures are present in these
sequences. Overall, NH2-terminated peptides show evidence for
helices and globules, and the abundance of these states is very
sensitive to the Xxx and Yyy residues that are incorporated into
the sequence. Ac-terminated peptides favor more extended
helical structures. The differences between the NH2- and Ac-
terminated forms of these peptides indicate that the sites of
protonation influence the gas-phase structures that are observed.
Molecular modeling simulations have been carried out in order
to provide information about which sites are likely to be
protonated in helical and globular structures of NH2- and Ac-
terminated peptides.

A summary of the different types of structures that are
observed for the range of sequences studied suggests some
general trends in the data. Three types of different side chain
interactions appear to govern the competition between formation
of helices and globules. First, stabilizing polar-polar interactions
between side chains can lock in a helical turn between the 8th
and 12th residues. In this case, the stabilizing interactions
between a single pair of adjacent side chains provides an
energetic driving force for favoring the helix. Additionally, the
formation of a single turn would provide a nucleus for
propagating the helix throughout the rest of the polypeptide
chain, leading to the formation of extended helical structures.

Figure 9. Plots of the relative cross section versus the Xxx(i) residue for the NH2- and Ac-terminated Xxx(i) f Ser(i + 4) [a], Xxx(i) f Leu(i
+ 4) [b], Xxx(i) f Lys(i + 4) [c], and Xxx(i) f Glu(i + 4) [d] libraries. Relative cross sections were determined from experimental cross section
values for each sequence according to the relation:ΩExp - [14.50n - p(Xxx) - p(Yyy)], where 14.50 is Jarrold’s calculated average cross section
per residue for an ideal polyalanine helix andn is the number of alanine residues in the sequence (n ) 13 for all sequences in which Xxx and Yyy
is not Ala). The termsp(Xxx) and p(Yyy) correspond to the intrinsic contributions to cross section from the amino acid residues at the Xxx and
Yyy positions. These values are given in Table 2 along with the intrinsic size parameters that are used to calculate them. Shaded regions of the plots
correspond to relative cross section values for alanine-basedπ/R helices in which residues Xxx and Yyy are both small (Gly and Ser, respectively)
and large (Arg and Glu, respectively). Horizontal lines represent relative cross sections for [Ala15+H]+ (solid line), [Ala15+2H]2+ (dashed line),
and Jarrold’s [Ala15Lys+H]+ (dotted line) determined from experimental cross sections using the relation described above.
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No similar interactions beween the side chains of the 8th and
12th residues are observed in globules. Second, the data
presented above may suggest that helices are often disrupted
when the pair of amino acids at thei andi + 4 positions includes
one polar and one nonpolar residue. In such a case, a single

polar-nonpolar interaction between side chains of the 8th and
12th residues is not of sufficient magnitude to lock in a helical
turn. Instead molecular modeling results suggest that the polar
group appears to initiate the unfolding of the helix. This may
occur when the single polar side chain interacts with backbone
CO and NH groups (disrupting hydrogen bonding along existing
regions of helix). We anticipate that such interactions will be
sensitive to the placement of polar and nonpolar residues. We
are currently designing several libraries to test this idea. Finally,
we note that helices are often favored upon incorporation of
nonpolar residues into the Xxx and Yyy positions. In this case,
it appears that higher helix propensities (observed for large non
polar groups in solution) also lead to favorable helices in the
gas phase. Although interactions between nonpolar side chains
are weak, they do not appear to disrupt the hydrogen-bonding
network associated with the helix.

In closing, throughout this work we have stressed that the
present paper presents a survey of the types of structures that
are favored upon substitution of the 8th and 12th residues of
alanine based peptide ions. Although it is clear that many
differences in structure arise upon varying sequences, these
structures are established immediately after ions emerge from
the electrosprayed droplet, and as such, the relative abundances
of different conformations may be influenced by the final stages
of the electrspray process. It should be possible to study
transitions between structures in some detail by varying the
temperature of drift tube buffer gas. We are also exploring the
use of ion trapping techniques that allow conformers to be stored
for varying time periods prior to mobility analysis in order to
study transitions between structures.41

Figure 10. Plots of relative abundance of helical (a), globular (b), and other (c) conformations for all combinations of amino acid residues at the
Xxx and Yyy positions in the NH2-terminated library peptides. Relative abundances were determined from the ratios of peak areas (from experimental
mobility distributions) for the different conformer types of each sequence. High mobility (type I) structures have been classified as globular and
elongated (type II) as helices according to the results of the molecular modeling simulations as described in the text. The other structures represent
structures with experimental cross sections intermediate between those of the compact globules and more elongated helical structures.

Figure 11. Structures obtained from molecular modeling simulations
for the [M + 2H]2+ NH2-His(i) f Glu(i + 4) peptide ion. The
simulations were performed for anR-helical starting structure with
protons were placed on the 12th and 14th backbone carbonyl groups
for 250 ps at a temperature of 300 K. Part a shows the lowest-energy
structure obtained the simulation in which the His and Glu side-chains
form a hydrogen bond. The calculated collision cross section for this
structure (285.65 Å2) is in close agreement with the experimental cross
section for the elongated NH2-terminated His(i) f Glu(i + 4) peptide
(284.88 Å2). The calculated energy for this structure is-157.27 kcal
mol-1. Part b shows a higher energy structure (E ) -152.66 kcal mol-1)
in which the side-chains do not form a hydrogen bond that was obtained
in the same simulation. The calculated collision cross section for this
structure is 289.51 Å2.
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