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Ion mobility/time-of-flight methods and molecular modeling calculations have been used to examine the
conformations of a range of polymer lengths and charge states of polyproline peptides, [Pron + zH]z+ (n )
3-56; z ) 1-6). Ions formed from 1-propanol solutions{[Pron + H]+ (n ) 5-11) and [Pron + 2H]2+ (n )
10-22)} favor extended forms of the classical polyproline I helix. In these conformers, all proline residues
are in the cis configuration, and protonation at the N-terminus allows hydrogen bonds to be formed with
backbone carbonyl groups of the second and third proline residues in each polymer. Protonation of this all-
cis form at the N-terminus also stabilizes the helix macrodipole. Singly charged ions formed from aqueous
solutions favor globular and hairpin-like conformers that contain bothcis- andtrans-proline residues. Higher
charge state ions (z ) 3-6) formed from aqueous solutions favor relatively extended conformations, although
these are not as extended as the polyproline II structural limit. As polymer size increases, higher charge state
ions become more compact. Several conformer states of varying size that appear to be favored structural
types are observed; however, we have not been able to identify the type of structures based on comparison
of molecular modeling data and experimental measurements.

Introduction

Historically, polyamino acids have served as important model
systems in understanding the formation of helical structures.1

Polyproline is a unique system. The side chain of proline is
covalently bound in two sites along the peptide backbone, and
the rigidity of the peptide bond gives rise to cis- and trans-
residue conformations. In solution and the solid state, polypro-
line peptides have been shown to exist predominantly in two
helical forms: polyproline I (PPI) and polyproline II (PPII),
which are shown in Figure 1.2 PPI is a right-handed helix in
which all Pro residues adopt cis configurations; PPII is an
extended left-handed helix with all residues in the trans form.
These helical forms are unusual in that neither involves
stabilization by hydrogen-bonding between backbone-NH and
-CdO groups. Extensive experimental work shows that the
PPI conformation, which allows van der Waals stabilizing forces
to be maximized, exists in nonpolar solutions (such as propanol);
PPII (all trans) is found in aqueous solutions.3,4 The stability of
PPII in aqueous solution can be attributed to the formation of
hydrogen-bonded networks of water molecules that bridge
backbone carbonyl groups of adjacent proline residues; com-
putational and experimental studies have demonstrated the
importance of hydration in proline-rich collagen helices (which
also adopt a PPII conformation).5,6 A number of studies have
investigated the mutarotation transition between polyproline I
and II forms.7

Here, we report ion mobility/time-of-flight measurements and
molecular modeling studies that are aimed at understanding the
gas-phase conformations of polyproline. Several series of
polyproline ions, [Pron + zH]z+ (n ) 3-56; z ) 1-6), can be
formed by electrospraying8 aqueous and 1-propanol solutions.
Only [M + H]+ and [M + 2H]2+ ions are formed from

electrospraying 1-propanol solutions. Molecular dynamics simu-
lations of [Pron + H]+ (n ) 6, 8, and 10) suggest that the ions
formed from 1-propanol solutions exist as PPI helices that are
stretched to accommodate hydrogen-bonding interactions be-
tween the N-terminus and two backbone carbonyl groups.
Results for [Pron + H]+ peptides (n ) 3-11) generated from
aqueous solutions indicate that these ions favor conformers
having a distribution of cis and trans forms of proline along
the polymer. The mixture of cis and trans residues allows the
peptide to adopt relatively compact structures in which the
protonated amino terminus is solvated by backbone carbonyl
groups. The [Pron + zH]z+ ions that we observe formed from
aqueous solutions are substantially more compact than would
be expected if polyproline II forms were retained in vacuo. This
result is consistent with earlier solution work reporting that the
PPII helix is stabilized by interactions with the solvent. An
interesting aspect of these data is that several discrete conformer
families are found over the range of polymer lengths and charge
states that are observed. Within each charge state, the presence
of reproducible peak maxima suggests that polyproline ions of
increasing polymer length may fold in a stepwise fashion
through favored conformer types, each having a smaller collision
cross section.

The structures of proline-containing peptides are also of
interest in mass spectrometry studies of biomolecules. Facile
cleavage of the peptide bond on the N-terminal side of proline
residues has been reported by many groups.9-12 Work by Breci
et al. outlined a relative fragmentation efficiency scale for the
Xxx-Pro bond; cleavage of the Pro-Pro and Gly-Pro bonds
were found to be the lowest on this scale.13 We have recently
demonstrated that tryptic digest peptides (as well as other small
peptides) typically exhibit multiple peaks in ion mobility
distributions according to the number of proline residues
present.14 Comparison of experiment with results from molecular
modeling studies of the small [GPGG+ H]+ system were used
to confirm that the peaks we observe arise from the presence
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of cis and trans conformations of the Pro residue. More detailed
studies of the structures of Pro-containing peptides may lead to
a better understanding of the fragmentation work.

A number of recent gas-phase studies have focused on the
stability of R-helical motifs in small (10-20 residue) alanine-
rich peptides.15-21 Recent studies by Jarrold and co-workers have
demonstrated that [Ac-Leun + H]+ (n ) 5-19) form exception-
ally stableR-helices in vacuo.22 Other studies in which a block
of Gly residues were placed in the center of an alanine-based
polymer demonstrate that a large fraction of Gly residues is
required to disrupt helix formation.17,19 We recently presented
evidence that [Alan + 3H]3+ peptides (n ) 18-41) form two
conformer states in the gas phase: a folded state that we assign
to a hinged helix-coil, and an extended helical state.20 In these
studies,20 as well as in studies of singly protonated alanine-
based polymers,15 placing the net location of charge toward the
C-terminal end of the polymer stabilizes the helix macrodipole.
Additionally, we have assessed the fraction ofi f i + 4 andi
f i + 3 hydrogen-bonding interactions in alanine helices, [Alan

+ 4H]4+, wheren ) 29-49.23 The relative populations of the
hinged helix-coil,R-, and 310-helices are highly dependent upon
protonation state, proton location, and polymer size. The studies
presented here are the first to delineate the solution dependence
of helical polyproline conformers in the gas phase.

Experimental Section

Ion Mobility/Time-of-Flight Methods. Experiments were
performed using an ion mobility/time-of-flight instrument that
has been described in detail previously.24,25 This instrument
utilizes a high-pressure source, and mobilities (cross sections)
are measured before ions are extracted into a vacuum region;
thus, ion conformations are established under very gentle
ionization conditions which are often influenced by the solvent
composition used.26,27Solutions of a mixture of poly-L-proline
sizes (Sigma, 1000-10 000 mol wt;∼5 × 10-5 to 5× 10-4 M
in 49:49:2 water/methanol/acetic acid or 99.8:0.2 1-propanol/
HCl) were electrosprayed8 into a differentially pumped desol-
vation region and introduced into a helium-filled drift region.
Separate experiments were performed in which polyproline
solutions (at the same concentrations as given above) were

nanosprayed from completely aqueous solutions, and the results
are similar to those reported for the water/methanol/acetic acid
solvent system. Thus, we refer to the water/methanol/acetic acid
solution asaqueous.

Ion mobility and mass-to-charge ratio measurements for
mixtures of ions are obtained by a nested drift (flight) time
acquisition scheme.24 The mobilities of the polypeptide ions
through the gas under the influence of a weak uniform electric
field (137.4 V‚cm-1) depend on the polypeptide shapes28,29and
charge states.30,31For a given charge state, compact geometries
with relatively small collision cross sections have higher
mobilities than more elongated structures.28,32,33Ions experience
drift forces that are proportional to their charge states (and the
applied drift field). Flight times were measured in a reflectron
geometry time-of-flight mass spectrometer and are much shorter
than drift times, allowing the mixture of ions to be analyzed in
a nested fashion.24

Experimental Collision Cross Sections.The measured
arrival times include the time required for ions to travel through
drift gas as well as other regions of the instrument. To determine
cross sections, it is necessary to obtain the drift times (the time
ions spend drifting through the drift region). These values are
obtained by correcting the arrival times by the time ions spend
in other regions of the instrument. These corrections are small
(80-140 s) relative to the 10-30 ms drift times. Experimental
collision cross sections are derived from the corrected arrival
times by the following relation34

where tD is the drift time (determined from the maximum of
each peak),E is the drift field;T andP are the temperature and
pressure of the buffer gas, respectively;L is the drift tube length;
ze, the ion’s charge;N, the neutral number density;kB,
Boltzmann’s constant; andmI and mB, the masses of the ion
and buffer gas, respectively. The parametersE, L, P, T, andtD
can be precisely measured. The reproducibility of measured
cross sections is high; the percent relative uncertainty of any
two measurements is typically less than(0.5%. Measurements

Figure 1. Representation of structures for a 15-residue poly-L-proline. The PPI helix (φ ) -83°, ψ ) 158°, andω ) 0°) contains all cis-residue
forms; PPII (φ ) -78°, ψ ) 149°, and ω ) 180°) contains all trans-residue forms. Torsion angles are taken from ref 2. Two views of each
structure are shown for clarity.
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were performed at lowE/N such that mobilities are independent
of the applied drift field and drift velocities are small compared
with the thermal velocity of the buffer gas. Under these
conditions, ions are not expected to align in the drift tube and
we assume that collision cross sections correspond to an average
of all possible orientations.

An Effective Asphericity Scale. Collision cross sections
show a strong correlation with molecular weight; because of
this, it is useful to plot cross section values on a modified scale
that removes the molecular weight dependence. For this purpose,
we have previously described aneffectiVe asphericityscale
(Ωasp).19 EffectiVe asphericitiesfor different peptide lengths (n)
are determined from experimental or calculated cross sections
(Ω) using

whereΩsphereandΩlinear are cross sections calculated from fits
to globular and extended linear geometries of the model
polyalanine system, as described previously.35 On this scale,
Ωaspfor compact globular ions is defined to be 0.0 (determined
by a fit to experimental values for [Alan + H]+ ions having
roughly spherical, tightly packed globular conformations in
which the protonated amino terminus is solvated by electrone-
gative carbonyl groups along the polymer backbone). Values
of Ωaspfor completely extended linear Alan polymers are defined
to be 1.0.

Molecular Modeling Simulations and Calculation of Cross
Section for Model Geometries. More details about the
conformations adopted by polyproline ions can be obtained from
molecular modeling simulations. We performed simulations for
the following charge states and sizes: [Pron + H]+ n ) 6, 8,
and 10; [Pron + 2H]2+ n ) 10, 15, and 20; and [Pron + 3H]3+

n ) 15 and 25. Molecular dynamics simulations were carried
out at 300 K for at least 0.25 ns (and in some cases, up to 1.0
ns) using the extensible systematic force field (ESFF) and a
dielectric of 1.0. This approach is analogous to the methods
we have used previously19 and similar to approaches taken by
others.15,22 Simulations of each [Pron + H]+ polymer size
assumed that a proton was located at the N-terminus; this is
expected to be the most basic site.36 As demonstrated previously
for the polyalanine system, the location of protons has a strong
influence on peptide geometry.19 For the [Pron + 2H]2+ and
[Pron + 3H]3+ ions, many proton configurations are possible.
At least eight proton configurations were chosen for each
polymer size. Widely different proton configurations were
chosen to gain insight into the effects of proton placement on
overall polymer geometry. All protons were assumed to be
located on the nitrogen of backbone imide groups.37 We denote
proton locations according to the residue number of the
protonated imide group; that is, for a doubly protonated ion,
protonation at the N-terminus and the imide of the fifth residue
would be referred to as a (1,5) configuration. Similarly, charge
site configurations for triply protonated ions are given as ordered
triplets [e.g., (1,8,15)]. Another critical consideration for the
polyproline system is the starting geometry used for simulations.
A particular concern is the ability to sample both cis and trans
configurations of proline residues over the time scale of the
simulations. Experimental studies in solution have measured a
barrier of∼19 to 20 kcal‚mol-1 for the cis to trans intercon-
version;38,39,40simulations of dipeptides indicate that the barrier
to interconversion in the gas phase is slightly lower,∼15.7
kcal‚mol-1.41 Simulations were started from both PPI (all cis)

and PPII (all trans) helical forms as well as from several
geometries in which the number and location ofcis- andtrans-
proline residues were randomized. More details about which
residues were randomized over cis and trans forms for specific
charge states and polymer sizes are given below. Overall, the
variability in charge assignment position as well as cis- and
trans-residue location makes this a very complicated system to
sample with molecular mechanics simulations. The starting
structures that we have used clearly do not assess all possible
configurations, but do provide an initial look at some possible
structural types.

Calculation of Cross Sections for Trial Conformers
Generated by Molecular Modeling. Cross sections for trial
conformers were calculated using the exact hard spheres
scattering method (EHSS),42 and the resulting values were
normalized using a calibration obtained from comparison of
values calculated for hundreds of peptides using EHSS and the
more rigorous, but computationally expensive, trajectory method.43

Agreement between calculated values and experimentally
measured collision cross sections was required to be within 2%
in order for a geometry to be considered as a viable representa-
tion. In some cases, a direct comparison of values calculated
for trial geometries with experimental drift time distributions
is instructive. Drift times can be derived from calculated cross
sections using the experimental parameters and eq 1.

Results and Discussion

Ion Mobility/Time-of-Flight Data for Ions Formed by
Electrospraying Aqueous and Propanol Solutions.Figure 2a
shows a two-dimensional plot of a small range (m/z ) 580-
760) of data recorded by electrospraying polyproline from a
water/methanol mixture. Over this range, ions representing six
charge states are assigned. For example, the peaks atm/z ratios
of 601.5, 641.0, 719.1, 612.4, 645.4, and 602.9 are assigned to
[Pro6 + H]+ (which has a calculatedm/zcalc value of 601.6),44

[Pro13 + 2H]2+ (m/zcalc ) 641.2), [Pro22 + 3H]3+ (m/zcalc )
719.1), [Pro25 + 4H]4+ (m/zcalc ) 612.4), [Pro33 + 5H]5+ (m/
zcalc) 645.5), and [Pro37 + 6H]6+ (m/zcalc) 602.8), respectively.
Over the entire data set, we assign [Pron + H]+, n ) 3-10;
[Pron + 2H]2+, n ) 9-20; [Pron + 3H]3+, n ) 14-29; [Pron

+ 4H]4+, n ) 19-43; [Pron + 5H]5+, n ) 23-47; and [Pron +
6H]6+, n ) 31-56. The [Pron + 2H]2+ ions have much higher
mobilities (appearing at shorter drift times) than [Pron + H]+

ions of comparablem/z ratios. However, mobilities for many
of the [Pron + 2H]2+ and [Pron + 3H]3+ ions of comparable
m/z ratios are similar. Additionally, form/zvalues above∼700,
the mobilities of [Pron + H]+, [Pron + 4H]4+, [Pron + 5H]5+,
[Pron + 6H]6+ ions are such that many peaks begin to converge
along a single line in the two-dimensional data set.

Figure 2b shows a two-dimensional plot for polyproline ions
formed from a 1-propanol solution (and otherwise recorded
under similar experimental conditions to the data shown in
Figure 2a). Only [Pron + H]+ and [Pron + 2H]2+ ions are
apparent in this data set; no contributions from higher charge
states (z g 3) are found. The mobilities of the [Pro6 + H]+ ion
formed from aqueous and propanol solutions are essentially
identical. However, the [Pron + H]+ (n ) 7-11) and [Pron +
2H]2+ (n ) 12-15) ions observed in the data set recorded for
propanol solution appear at longer drift times than their
counterparts formed from aqueous solution. A summary of the
drift times and cross sections for relatively small polymer sizes
that are observed upon electrospraying the aqueous and propanol
solutions is given in Table 1.

Another comparison of the two data sets can be obtained by
comparing drift time distributions (derived by integrating the

Ωasp)
Ω - Ωsphere

Ωlinear - Ωsphere
(2)
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two-dimensional data over a range of flight times that corre-
sponds to a singlem/z ratio). Figure 3 shows distributions for
[Pron + H]+ ions (n ) 6-8) formed from each solution type.
In all of the distributions except [Pro9 + H]+, the distribution
is dominated by a single, sharp peak. The [Pro8 + H]+

distribution (aqueous) shows a second, smaller feature at longer
times (∼29 ms). Drift times for the major peak observed in
each [Pron + H]+ (propanol) distribution are higher than those
for their [Pron + H]+ (aqueous) counterparts (Table 1). For [Pro5

+ H]+, the difference is small [20.82 ms (aqueous) and 21.18
ms (propanol)]. By [Pro10 + H]+, the difference is substantial:
a difference of>3 ms is observed between the aqueous and
propanol distributions.

Figure 4 shows drift time distributions for [Pron + 2H]2+

(aqueous and propanol). Each mobility distribution shows that
peaks are substantially broader than those observed for the [Pron

+ H]+ ions and fall over a range of drift times. This indicates
that a range of conformer sizes are present; we note that both
differences in protonation patterns and the presence of many
low-energy or kinetically trapped conformers for each specific
proton configuration may be responsible for the increased peak
width of the [Pron + 2H]2+ distributions. In general, the [Pron

+ 2H]2+ distributions observed from propanol solution are
narrower than those of the corresponding ions formed from
aqueous solutions. Multiple resolved features are present in
many of the distributions (in particular, the [Pro14 + 2H]2+ and
[Pro18 + 2H]2+ distributions obtained from aqueous solution).
The distributions observed from aqueous solution each contain
broad features∼5 ms in width that are found underlying each
dominant peak. The [Pro14 + 2H]2+ (aqueous) distribution
contains large, well-separated features (at∼21.0, 22.3, and 24.5
ms). By [Pro16 + 2H]2+, one peak appears to dominate the
distribution at 24.8 ms. Two large features are resolved in the
[Pro18 + 2H]2+ distribution at 27.2 and 26.6 ms. Drift times
recorded for the dominant peak in each distribution are again

higher for ions obtained from the propanol solution, with a single
exception ([Pro10 + 2H]2+).

Comparison of data for the [Pron + H]+ and [Pron + 2H]2+

ions wheren ) 10 and 11 (the only polymer sizes observed in
both solutions for bothz ) 1 and 2) is also interesting. We
note that the drift times for different charge state ions cannot
be directly compared without normalization for charge state
(e.g., by using a collision cross section scale). The collision
cross section for [Pro10 + 2H]2+ (aqueous) is substantially higher
than that of [Pro10 + H]+ (aqueous); however, addition of a
single proton in the propanol system leads to only a slight
increase in collision cross section (2.4%). A similar observation
is made for [Pro11 + H]+ and [Pro11 + 2H]2+, as well as for
the nine-residue polymer (only observed as a doubly protonated
ion in the aqueous solution). Clearly, addition of a proton has
a substantial impact on the structure of the ions formed from
aqueous solution. Conversely, the similarity of collision cross
sections for the [Pron + H]+ and [Pron + 2H]2+ ions (propanol;
n ) 10 and 11) suggests that the structures of these ions may
be similar.

Collision Cross Sections for [Pron + zH] z+ Ions Formed
by Electrospraying Aqueous Solutions.As demonstrated
above, the raw data (and slices through these data to obtain
mobility distributions) show that electrospraying aqueous solu-
tions leads to a very complex system. That is, we observe a
range of polymer lengths and charge states, and within these,
multiple conformations exist. Information about the general
trends that are present in these data can be obtained by
examining Figure 5. This figure shows collision cross sections
(determined from measured drift times using eq 1) for the
reproducible peak maxima found by electrospraying the aqueous
solutions. Additionally, the vertical lines show the range of
features that are observed for specific sizes and charge states.

Overall, the cross sections of polyproline peptides increase
with increasing size. Small polymer lengths (∼3 to 10 residues)

Figure 2. A representative region of data recorded for polyproline mixtures electrosprayed from (a) 49:49:2 water/methanol/acetic acid solution
and (b) 99.8:0.2 1-propanol/HCl solution. The dashed lines are intended only as a visual guide to the general locations of the [M+ H]+ and [M
+ 2H]2+ peaks observed by electrospraying from the aqueous-based solution. The data sets are normalized to a buffer gas pressure of 150.00 Torr
and an electric field strength of 137.4 V‚cm-1. For each data set, the mass spectrum on the left shows the integrated intensities for eachm/z
window.
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are restricted to a narrow range of different shapes compared
with larger polymers (e.g., the different [Pro55 + 6H]6+ ion
structures span a∼300 Å2 range of cross sections). It is
interesting to note that at 50 residues, polyproline ions (having
a mass of∼4000 Da) have cross sections that are similar to
values we have measured for compact states of the much larger
cytochromec protein (∼12 kDa).27,29 This indicates that even
the most compact forms of polyproline are not packed to the
degree that is observed for protein sequences. Presumably the
restrictions imposed on backbone torsion angles by the proline
residue prohibit tight packing interactions associated with protein
tertiary structure.

Other details of this system are also quite interesting. As
observed from the mobility distributions, the data recorded for
z g 2 ions (while exhibiting distinct peaks) typically also show
broad underlying features; the ranges of these broad features
are indicated by the error bars shown. The peaks appear to fall
into families, suggesting that specific types of conformations
may be favored within specific ranges of polymer sizes. The
most extended conformers within each charge state (forz g 2)
are observed at small polymer sizes (presumably due to higher
Coulombic repulsion between charges). As polymer length

increases, new ions having smaller collision cross sections are
observed. These longer polymer chains may fold. Ion mobility
distributions for the [Pron + 3H]3+ ions exhibit peaks that appear
to be related as a function of size. These families are observed
over the size rangesn ) 14-21 (low mobility) andn ) 22-
29 (high mobility). The [Pron + 4H]4+ ions exhibit three families
of conformers that are dominant over then ) 19-31 (low
mobility), n ) 32-35, andn ) 36-44 (high mobility) size
ranges. The lowest mobility family of [Pron + 5H]5+ ions is
observed forn ) 25-40. It appears that there is a critical size
for forming the most compact state:n ) 12, 22, and∼42 for
[Pron + 2H]2+, [Pron + 3H]3+, and [Pron + 4H]4+, respectively.
At each of these sizes, a structure (or group of related structures)
that is the most compact within each charge state becomes
favored. Above this size, no additional collapse is observed.

The number of conformer families observed in each charge
state (defined by peak maxima) increases with increasing charge
state forz ) 1-4. In the case of [Pron + 5H]5+ and [Pron +
6H]6+ ions, distributions are broad and poorly resolved, making
it difficult to track peak maxima other than the dominant feature
in most cases. The increase in number of conformer families

TABLE 1: Summary of Drift Times and Collision Cross Sections for Large Peaks Observed for Small [Pron + H] + and [Pron
+ 2H]2+ Ions Formed by Electrospraying Aqueous and Propanol Solutions

aqueous propanol model geometries

n tD (ms)a Ωexpt (Å2)b tD (ms) Ωexpt (Å2) initial geometriesc figured Ωcalc (Å2)e

[Pron + H]+

3 15.04 104.8
4 18.27 127.4
5 20.82 145.2 21.18 147.8
6 23.71 165.5 24.05 167.9 PPI 8a

PPII 8b
7 25.41 177.4 26.94 188.1
8 27.79 194.0 29.99 209.4 PPI 8a 211.5

PPII 8b 197.6
9 30.39 212.3 32.80 229.2
10 32.54 227.4 35.68 249.3 PPI 8a 252.5

PPII 8b 268.9
rand 8c (1) 230.6
rand 8c (2) 228.3
rand 8c (3) 229.9

11 34.19 238.9 38.68 270.3

[Pron + 2H]2+

9 17.82 247.8
10 18.95 263.6 18.35 255.3 PPI (1,2) 9b 227.8

PPI (1,5) 9a,b 242.5
PPI (1,10) 9b 245.3
PPI (5,10) 9b 259.3

11 18.10 251.7 19.70 273.9
12 18.84 262.0 20.85 290.0
13 20.42 284.2 22.87 318.3
14 21.22 295.3 24.37 339.2
15 23.59 328.7 25.27 352.1 PPI (1,7) 9a 345.0

PPII (1,2) 9c 297.6
PPII (1,7) 9c 326.3
PPII (1,15) 9c 375.4
PPII (7,15) 9c 340.8

16 24.78 345.4 26.42 368.2
17 25.92 361.3 27.34 381.1
18 27.16 378.8 28.72 400.5
19 29.48 411.4 30.14 420.6
20 29.60 413.0 31.47 439.2 PPI (1,10) 9a 442.4
21 33.02 459.4
22 34.31 477.1

a Drift times are normalized to 150.00 Torr and an electric field strength of 137.4 V‚cm-1. b Experimental collision cross sections were determined
from measured drift times using eq 1.c The initial geometry from which molecular dynamics simulations were initiated is given as PPI, PPII, or
“rand” (which indicates that cis- and trans-residue forms were randomized throughout the polymer). Numbers in parentheses for the [Pron + 2H]2+

ions indicate the positions of proton placement in the simulation (i.e., 1 denotes protonation of the amino terminus).d Denotes the figure in which
each model conformer is presented.e Collision cross sections for model conformers were calculated as described in the experimental section.
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with charge state may indicate that protonation sites are
important in a stepwise rearrangement of the polymer chain.

To provide an example of the behavior observed for high
charge states in this system, mobility distributions for [Pron +
3H]3+ and [Pron + 4H]4+ ions (aqueous) are shown in Figure
6. Distributions for both charge states are dominated by a single
sharp peak at small polymer lengths ([Pro16 + 3H]3+, [Pro22 +
4H]4+, and [Pro25 + 4H]4+). Larger polymer sizes ([Pro19 +

3H]3+ and [Pro28 + 4H]4+) show additional features at shorter
drift times. At these larger polymer sizes, distributions are very
broad (spanning∼4 to 5 ms); however, resolved features are
often observed in these broad distributions (e.g., [Pro22 +
3H]3+). These results are similar to those reported previously
for proteins; high charge state protein ions exhibit sharp peaks
in the ion mobility distributions.24 The reduction in Coulombic
energy associated with lower charge states allows these ions to

Figure 3. Drift time distributions for [Pron + H]+ ions (n ) 6-9) formed by electrospraying from (a) 49:49:2 water/methanol/acetic acid and (b)
99.8:0.2 1-propanol/HCl solutions. Data are normalized to a buffer gas pressure of 150.00 Torr and an electric field strength of 137.4 V‚cm-1.

Figure 4. Drift time distributions for [Pron + 2H]2+ ions (n ) 14, 16, and 18) formed by electrospraying from (a) 49:49:2 water/methanol/acetic
acid and (b) 99.8:0.2 1-propanol/HCl solutions. Data are normalized to a buffer gas pressure of 150.00 Torr and an electric field strength of 137.4
V‚cm-1. Asterisks in (a) indicate maxima of a series of peaks (for increasing polymer size) that are identified as a conformer family (see Figure
5 and text).
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adopt more compact geometries; mobility distributions for lower
charge state protein ions are also typically very broad and
indicate that a wide array of different conformer types are
present. The sharp peaks for [Pro16 + 3H]3+ and [Pro22 + 4H]4+

each correspond to a family of relatively extended conformers
(having cross sections shown in Figure 5). The asterisks in
Figure 6 show the location of the two conformer families as
polymer size increases.

Effective Asphericities for [Pron + zH] z+. Another useful
way to view these data is by plotting cross sections on an
effectiVe asphericityscale, as described above. Figure 7 shows
experimental asphericities for the dominant peak observed in
each [Pron + zH]z+ (n ) 3-56, z ) 1-6) from aqueous and
propanol solutions. Asphericities for [Pron + H]+ (n ) 7-11)
and [Pron + 2H]2+ (n ) 11-22) are substantially higher for
the ions obtained from propanol solutions than from aqueous
solutions. Comparison of the measured [Pron + H]+ asphericities
with the calculated asphericities for an ideal PPI helix (over a
range of polymer sizes) shows that ions obtained upon elec-
trospraying propanol solutions are slightly larger than expected
for the ideal PPI helix. The [Pron + H]+ (n ) 7-11) ions
(aqueous) are more compact and approach the asphericities
measured for [Alan + H]+ globules. This comparison suggests
that the [Pron + H]+ (n ) 7-11) ions (aqueous) have roughly
spherical (globular) structures.

The [Pron + 2H]2+ (propanol) ions are more aspherical than
the calculated values for the ideal PPI helix at smalln; however,

by n values of 14 and higher, asphericities track the PPI line.
This comparison suggests that [Pron + 2H]2+ (propanol) ions
(n ) 14-19) may indeed adopt PPI helical conformations.
Below, we present molecular modeling results that are consistent
with this preliminary assignment. This said, [Pron + 2H]2+

peptides of the same size range formed upon electrospraying
aqueous solutions are considerably more compact. Thus, these
polyproline ions can also adopt geometries that are more
spherical (more compact) in nature.

The dominant conformer families for [Pron + 3H]3+ (n )
14-21), [Pron + 4H]4+ (n ) 19-30), and [Pron + 5H]5+ (n )
25 to∼38) have higher asphericities than those calculated for
ideal R-helices or measured for the helical [AlanLys + H]+ or
[Alan + 3H]3+ ions. Note that these data are compared on a
molecular weight scale; thus, for a given molecular weight, the
proline polymers contain fewer residues than the alanine
polymer. As the number of residues exceeds 22, a new, more
compact dominant conformer family emerges for the series of
[Pron + 3H]3+ ions (Figure 5). The most compact conformer
families for each charge state (i.e., [Pron + 2H]2+ n ) 15-20,
[Pron + 3H]3+ n ) 22-29, and [Pron + 4H]4+ n ) 36-44)
appear to fall roughly along a line that is systematically lower
than the calculated values for the PPI helix. This suggests that
these ions (produced by electrospraying aqueous solutions) may
adopt a structures that can propagate with increasing polymer
size. Although we have not investigated this rate of change of
asphericity with polymer length in detail, the similarity with
the PPI form (favored for propanol solutions) leads us to
speculate that the PPII (aqueous helix) may collapse into a more
compact helix upon removal of the solvent. We are currently
carrying out molecular modeling studies in order to consider
the idea that other types of more compact (alltrans-proline)
structures may be stable; for example, it is possible that a helical-
like structure (more compact than the PPI helix) or a hinged
helix-coil motif, as was observed for polyalanine ions, will fit
these data.

Molecular Dynamics Simulations of [Pron + H]+. In order
to begin to understand the differences in conformations of small
[Pron + H]+ ions formed from different solution conditions,
we performed molecular modeling simulations of then ) 6, 8,
and 10 polymer lengths. Figure 8 shows model conformers for
the lowest energy [Pro6 + H]+, [Pro8 + H]+, and [Pro10 + H]+

geometries obtained from simulations initiated from PPI and
PPII helical forms. The conformers obtained using PPI starting
structures are lower in energy for all three polymer sizes than
geometries obtained from PPII starting structures. The PPI-
derived geometries retain a high degree of similarity to the
original PPI structure. A key difference between the low-energy
protonated geometries and an ideal PPI helix is that (for all
three polymer sizes) the protonated N-terminus is oriented such
that hydrogen bonds can be formed with carbonyl groups of
the second and third residues in the polymer chain. The collision
cross sections for the PPI-like model geometries (211.5 and
252.5 Å2) are close to the 209.4 and 249.3 Å2 experimental
values for [Pro8 + H]+ and [Pro10 + H]+ (propanol), respec-
tively. An important consideration in stabilizing this PPI-like
helical form is that the macrodipole of the helix points in the
direction of the N-terminus; thus, unlike alanine polymers,
protonation at the N-terminus stabilizes an allcis-proline helix.

Figure 8c shows geometries obtained from simulations in
which thecis- andtrans-proline content was randomized in the
starting structures. A number of low-energy geometries were
found that are consistent with the experimental collision cross
section for [Pron + H]+ (n ) 6, 8, and 10) ions generated from

Figure 5. Collision cross sections derived from peak maxima observed
for [Pron + zH]z+ (n ) 3-56, z ) 1-6) ions electrosprayed from 49:
49:2 water/methanol/acetic acid solutions. Symbols correspond as
follows: solid diamonds, [Pron + H]+ ions; open diamonds, [Pron +
2H]2+; solid triangles, [Pron + 3H]3+; open circles, [Pron + 4H]4+; solid
circles, [Pron + 5H]5+; open squares, [Pron + 6H]6+. Larger symbol
sizes are used to denote cross sections corresponding to the most intense
peak observed for each polymer size and charge state. Error bars
represent ranges of collision cross sections observed for broad, poorly
resolved peaks.
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aqueous solution. These conformers adopt relatively compact
geometries in which the N-terminal protonation site forms
hydrogen-bonding interactions with multiple (∼3 to 4) backbone
carbonyl groups. The second Pro residue (adjacent to the
N-terminal charge site) was typically found in the cis form and
the third Pro residue adopted atrans-Pro configuration, allowing
a hydrogen bond to form between the carbonyl of the second
residue and the charge site. No other correlations of position
and isomeric form were noted. We conclude that the compact
states arise from mixtures of cis- and trans-residue forms along
the polymer. The exact positions of cis and trans forms may
not be important in defining these structures, as many different
cis- and trans-residue combinations appear to be consistent with
these data.

Structural Characterization of [Pro n + 2H]2+ (Propanol)
Ions. We begin our analysis of [Pron + 2H]2+ peptides by
considering the ions formed from propanol solution. Several
charge site configurations were assessed using PPI starting
geometries; of the protonation configurations examined in which
one of the protons was fixed at the N-terminus [e.g., (1,2), (1,n/
2), (1,n)], the (1,n/2) configurations had the lowest energy.
Figure 9a shows low-energy conformers obtained for the (1,n/
2) charge site configuration of [Pro10 + 2H]2+, [Pro15 + 2H]2+,
and [Pro20 + 2H]2+. All of these conformers retain the all-cis
content of the starting structure and are slightly stretched relative
to an ideal PPI structure. Collision cross sections calculated for
the [Pro15 + 2H]2+ and [Pro20 + 2H]2+ conformers shown are
in good agreement with experiment (within 2.0 and 0.7%,
respectively). The only geometries (over simulations of PPII
and torsion-angle-randomized starting geometries for many
charge site assignments) that had lower calculated energies than
these stretched PPI geometries were very compact, globular
conformations formed by protonating sites near the N-terminus
on a PPII geometry; these globules were ruled out because they
had cross sections substantially lower than experiment.

We note that the [Pro10 + 2H]2+ (1,5) conformer shown in
Figure 9a has a calculated cross section that is 5% lower than

experiment (outside the range that we consider as viable
structural representations). Figure 9b shows geometries for other
charge site assignments for [Pro10 + 2H]2+. The geometry that
is in closest agreement with experiment is the (5,10) conformer
(Ωcalc ) 259.3;Ωexpt ) 255.3), in which the helix has unraveled.
This demonstrates that at the smallest polymer sizes, the van
der Waals stabilization of the PPI-like helix geometry is
insufficient to balance the larger Coulombic repulsion experi-
enced in these ions.

Structural Characterization of [Pro n + 2H]2+ (Aqueous)
Ions. Mobility distributions for [Pron + 2H]2+ ions (aqueous)
are substantially more complex than those for [Pron + H]+ ions
(Figure 4) and indicate the presence of a wide range of
conformer types. Here, we focus on comparing the experimental
cross section for the most intense peaks observe at each polymer
size (given in Figure 5 and Table 1) with theory but note that
the conformers shown are only part of a more complicated
conformer landscape.

The low-energy PPI-derived geometries described above
(Figure 9a) have calculated cross sections that are too large to
be considered as representative of the conformations of [Pron

+ 2H]2+ (aqueous) ions observed from experiment. Figure 9c
presents model representative structures obtained by starting
from ideal PPII helices. Four different charge site assignments
are shown for [Pro15 + 2H]2+: (1,2), (1,7), (1,15), and (7,15).
The types of structures illustrated are typical of the other lengths
examined computationally ([Pro10 + 2H]2+ and [Pro20 + 2H]2+).
Protonation of two sites at the N-terminal side of the peptide
[e.g., the (1,2) conformer] yields structures that are low in
energy, but more compact than expected from the experimental
distribution (for all three polymer lengths). Protonation of sites
at the amino terminus and near the C-terminal end [e.g., (1,-
15)] yield highly extended conformations that have collision
cross sections higher than those derived from the measured
distributions. The calculated collision cross section of the (1,7)
conformer is in very good agreement with experiment (Ωcalc )
326.3 Å2; Ωexpt ) 328.7 Å2). The (7,15) conformer has a

Figure 6. Drift time distributions for [Pron + 3H]3+ (n ) 16, 19, 22, 25, and 28) ions and [Pron + 4H]4+ (n ) 22, 25, 28, 31, 34, and 37) ions
formed by electrospraying from 49:49:2 water/methanol/acetic acid solution. Data are normalized to a buffer gas pressure of 150.00 Torr and an
electric field strength of 137.4 V‚cm-1. Asterisks indicate the location of an extended conformer family in each charge state.
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collision cross section that is slightly higher than experiment
(by 3.7%). In both of these conformers, the polymer is folded
in a hairpin-like shape. The position of the bend appears to be
linked to the position of the charge site (analogous to our
observations of hinged helix-coil conformers in [Alan + 3H]3+

peptides).19 We further note that solvation of the charge sites
in the polyproline system should be less facile relative to other
polyamino acids because of the increased energetic cost associ-
ated with rotation around the Pro-Pro peptide bond.

The hairpin structural types may explain the complicated
distributions observed in our experiments. Depending on the
exact protonation sites of the polymer upon complete desolvation
in the electrospray process, the polymer may fold at a different
location. It seems probable that there are many low-energy states
in which the polymer is folded. At longer polymer sizes, the
Coulombic repulsion between charge sites will be reduced in
the hairpin-like structure, allowing lower energy states that are
more compact to be sampled.

General Characteristics of Larger Polyproline Ions.None
of the conformers that we observe from aqueous solution appear
to be as extended as the PPII helical form. Upon dehydration
during the electrospray process, it appears likely that a mixture
of cis- and trans-residue forms become favored in order to
increase the van der Waals stabilization and allow hydrogen
bonding between charge sites and carbonyl groups on the peptide
backbone. This was demonstrated for the relatively compact,
roughly globular [Pro10 + H]+ ions (Figure 8c) and also seems
to be required for more extended conformers. Figure 10 shows

molecular dynamics simulations for [Pro15 + 3H]3+ that support
this idea. The conformations shown are the lowest energy
structures obtained from simulations started from PPI, PPII, and
geometries in which the cis and trans residues were randomized.
The geometry obtained from PPI starting structures retains most
(but not all) of its cis-residue content but is unraveled,
particularly near the termini; the calculated cross section for
this structure is slightly lower (2%) than experiment. The
conformation derived from a PPII starting geometry is highly
extended and has a cross section∼10% higher than experiment.
The (1,8,15) conformer started from random cis- and trans-
residue orientations is the lowest energy conformer found over
all simulations of [Pro15 + 3H]3+ and is within 0.3% of the
experimental cross section. Clearly, we have not sampled all
possible proton configurations or randomization of cis and trans
residues; there should be many conformers that also provide
good agreement with experiment. The salient points to note
about this type of structure that agrees with experiment are that
it is extended (although not as extended as PPII) and contains
a mixture of cis- and trans-residue forms.

In general, within a charge state (forz g 2), small polymer
sizes appear to favor relatively extended conformations with a
combination of cis- and trans-residue forms. It seems likely that
many different combinations of cis- and trans-residue positions
will be present and that a range of these will have cross sections
that are consistent with experiment.

It is interesting that these ions favor relatively extended
conformations, substantially more open than we have observed

Figure 7. Asphericities for peak maxima observed at eachm/z ratio in ion mobility/time-of-flight data sets recorded for [Pron + zH]z+ ions
electrosprayed from 49:49:2 water/methanol/acetic acid solutions: Symbols represent the following: open diamonds, [Pron + H]+ ions; open squares,
[Pron + 2H]2+; solid triangles, [Pron + 3H]3+; solid diamonds, [Pron + 4H]4+; solid squares, [Pron + 5H]5+. Asphericities for ions formed by
electrospraying from propanol solution are indicated by open circles ([Pron + H]+) and open triangles ([Pron + 2H]2+). Symbols “+”, “ ×”, and “*”
are used to represent asphericities measured for [Alan + H]+ globules, [AlanLys + H]+ R-helices, and [Alan + 3H]3+ extended helices, respectively.
The solid lines represent fits (as a function of molecular weight) to calculated cross sections for ideal PPI and PPII helical forms (Figure 1).
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Figure 8. Lowest energy conformers obtained from molecular dynamics simulations of [Pro6 + H]+, [Pro8 + H]+, and [Pro10 + H]+ started from
(a) polyproline I and (b) polyproline II initial structures. An ideal 10-residue PPI helix is included for comparison. Part c shows representative
low-energy conformers for [Pro10 + H]+ obtained from starting geometries in which the conformations of individual proline residues (cis or trans)
along the polymer were randomized. Experimental and calculated cross sections are given in Table 1.
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for other polyamino acids [poly(Xxx), where Xxx) Val, Ile,
Leu, Gln, Thr, Phe, and Trp]45 as well as heterogeneous

sequences, such as tryptic peptides of similar size.46 Several
factors may aid in favoring extended structures. For example,

Figure 9. (a) Representative low-energy conformers for [Pro10 + 2H]2+, [Pro15 + 2H]2+, and [Pro20 + 2H]2+ obtained from PPI starting geometries
in which the protons were placed on the N-terminus and a backbone imide at the midpoint of the polymer (i.e.,n/2). (b) Low-energy conformers
obtained from simulations of [Pro10 + 2H]2+ in which protons were located in the (1,2), (1,5), (1,10), and (5,10) positions on a PPI starting
geometry. Pairs of numbers indicate position of the protonated imides along the backbone of the peptide (e.g., 1 denotes the N-terminus). (c)
Representative low-energy conformations for [Pro15 + 2H]2+ obtained from a PPII starting geometry for (1,2), (1,7), (1,15), and (7,15). Experimental
and calculated cross sections for all conformers shown are given in Table 1.
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as reported for other systems, high charge states may adopt
extended geometries in order to reduce Coulombic interactions.
We note also that polyproline (unlike other polyamino acids
and heterogeneous peptide sequences) does not appear to pack
efficiently. The difference of polyproline compared with other
polyamino acids is that the conformations are much more
restricted, based on the constraints imposed by covalent attach-
ment of the five-membered ring at two points along the peptide
backbone. Other amino acids display an ability to pack tightly
in the gas phase. In fact, average individual amino acid volumes
are ∼5% to 15% smaller in gas-phase peptides ions than in
solution.46 A common feature of packing in these systems is
that side chains pack efficiently into grooves and crevices; the
efficiency of this packing appears to be facilitated by slight
rearrangements of torsion angles along the peptide backbone.
The polyproline system is simply restricted to a much greater
degree, and gas-phase stabilization through efficient packing is
much less pronounced. Having said this, at larger polymer sizes,
some polymer folding is observed. From the limited number of
molecular dynamics simulations we have performed on highly
charged [Pron + zH]z+ ions, the ion mobility measurements for
the most compact states are not consistent with tightly packed
globular structures. The discrete features within the broad
distributions that are measured suggest that there may be favored
states in the folding pathways of these ions. We cannot rule
out the possibility that these peaks are not along the folding
coordinate but rather correspond to a number of low-energy or
kinetically trapped states.

Summary and Conclusions

Ion mobility/time-of-flight measurements and molecular
modeling simulations have been employed to investigate the
gas-phase conformations of a series of polyproline ions, [Pron

+ zH]z+ (n ) 3-56; z ) 1-6), obtained by electrospraying
aqueous and propanol solutions. Overall, we find that this system
is very complex. We find evidence for multiple structural types
that depend on polymer size, charge state, and initial solvent
composition. Because of the complexity of this system, this
initial study is largely a survey of the system, and a more
detailed analysis of the structures will follow.

This said, some structural information involving relatively
small polyproline polymers has been obtained by comparing
calculated cross sections for trial molecular modeling geometries
to experimental values. The [Pron + H]+ and [Pron + 2H]2+

(propanol) ions are most consistent with stretched all-cis PPI
helices. These helices appear to be particularly stable, as they
are favored in the propanol solution and persist into the gas
phase. The gas-phase stability can be rationalized by considering
three favorable aspects of the PPI geometry. The polyproline
peptide should be protonated at the most basic site, the amino
terminus. Protonation of the PPI structure at this site allows
favorable hydrogen-bonding interactions to be established
between the protonation site and the carbonyls of the second
and third proline residues. Molecular modeling studies indicate
that the helix stretches slightly from the ideal PPI conformation
(which maximizes van der Waals interactions) to accommodate
these hydrogen bonds. Additionally, protonation at the amino
terminus in the PPI type of structure stabilizes the macrodipole
of the helix. We note that this helix macrodipole is oriented in
the opposite direction compared with the classicalR- and 310-
helices found in otherL-amino acids.

The polyproline (aqueous) system is extremely complex. The
highly extended all-trans PPII structure is expected in solution;
in vacuo, none of the conformations we observe are as extended
as the ideal PPII helix. We interpret the dearth of any evidence
for the PPII structure in the gas phase by considering the earlier

Figure 10. Lowest energy conformers obtained for [Pro15 + 3H]3+ by started molecular dynamics simulations from a PPI helix, PPII helix, and
conformers in which the cis- and trans-residue content was randomized. Numbers indicate protonation sites. The calculated cross sections for these
conformers are 386.4 Å2, 433.0 Å2, and 393.2 Å2, respectively. The experimental collision cross section for [Pro15 + 3H]3+ is 394.0 Å2.
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solution-phase work.5,6 Critically important to the stability and
solubility of the PPII helix in aqueous solutions is the formation
of hydrogen bonds between-OH groups of the solvent and
polar backbone carbonyl residues along the polymer. Presumably
as the solvent is removed during the electrospray process, the
loss of water destabilizes the PPII helix.

Having said this, it is clear why no PPII helix is observed in
the gas phase. What is less clear is what these ions look like in
the gas phase. The ion mobility/time-of-flight data show distinct
peaks that appear to fall into structural families according to
polymer size and charge state. The existence of a series of
related peaks indicates that preferred structures exist. Compari-
sons with earlier results for other polyamino acids such as
polyXxx (Xxx ) Ala, Val, Ile, Leu, Gln, Thr, Phe, and Trp)20,45

as well as with small proteins29 indicates that polyproline ions
do not pack as efficiently as these polymers. This difference
can be rationalized by considering the additional restrictions
imposed upon conformations by the covalent attachment of the
five-membered ring that comprises the proline side chain as a
part of the polymer backbone.

The work described above has considered the structures of
small ions formed from aqueous solutions in detail. Comparison
of experimental collision cross sections with calculated cross
sections from model geometries indicates that the [Pron + H]+

ions (n ) 6-11) can form relatively compact structures; these
compact geometries appear to arise from the stability gained
by solvating the protonation site through interactions with the
peptide backbone. However, [Pron + zH]z+ (n > 10, z > 1)
from aqueous solutions favor geometries that are not as tightly
packed as other polyamino acids. This can be observed by
examining the plot of effective asphericities (Figure 7).

The [Pron + 2H]2+ ions formed by electrospraying aqueous
solutions appear to favor structures that are folded, and in some
cases we observe hairpin-like geometries. In both cases, a
mixture ofcis- andtrans-proline forms are required in the initial
molecular modeling studies to form structures that have cross
sections that are consistent with experiment. Several conformer
families are observed for higher charge states in the aqueous
system. More compact conformer families arise as polymer size
increases within a given charge state (as would be expected
upon reduction of Coulombic repulsion). The most compact
families observed forz ) 2-4 appear to form a superfamily of
related conformers that are more compact than an ideal PPI helix
and less tightly packed than a globule. We speculate that these
ions may form hinged structures or perhaps a more compact
helical form that is not observed in solution. Molecular dynamics
simulations to explore these types of structures are ongoing.
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