
Following a Folding Transition with Capillary Electrophoresis and Ion
Mobility Spectrometry
John D. Barr,† Liuqing Shi,‡,∥ David H. Russell,§ David E. Clemmer,‡ and Alison E. Holliday*,†

†Department of Chemistry, Moravian College, Bethlehem, Pennsylvania 18018, United States
‡Department of Chemistry, Indiana University, Bloomington, Indiana 47405, United States
§Department of Chemistry, Texas A&M University, College Station, Texas 77843, United States

*S Supporting Information

ABSTRACT: Ion mobility spectrometry (IMS) is increasingly used to describe solution-phase phenomena and has recently
been used to establish the presence of multiple intermediates during the folding of a model polypeptide, polyproline. These
observations, however, are made on gas-phase structures. Capillary electrophoresis (CE) is a complementary solution-phase
technique, also based on the separation of charged species as a function of size and charge. Here, both ion mobility and capillary
electrophoresis are used to follow the folding transition of a 13-mer polyproline peptide from the all-cis polyproline I (PPI)
conformation to the all-trans polyproline II (PPII) conformation upon immersion in aqueous solvent. Synchronous folding
processes are observed using both techniques. Eight conformers are observed using ion mobility. Although only five peaks are
observed using capillary electrophoresis, these peaks can be modeled as sums of the observed IMS conformers; this is strong
evidence that ion mobility is sampling solution-phase structures. CE measurements provide the first direct evidence that multiple
folding intermediates are present in solution.

Mass spectrometry (MS) is commonly paired with ion
mobility spectrometry (IMS) to allow resolution of

complex protein and peptide structures.1−4 Electrospray
ionization (ESI) is used as a “soft”method capable of transferring
solution-phase peptide populations into the gas phase,5−8 and
multiple groups have shown that solution-phase structures of
peptides can be separated using IMS based on differences in their
resulting gas-phase collision cross sections.9−12 These collision
cross sections are correlated with an ion’s overall shape, and
experimentally determined values can be compared to cross
sections calculated for trial geometries generated by theoretical
techniques like molecular dynamics.13,14 Although differences
between native solvated structures and gas-phase structures may
arise through desolvation, there is evidence that subpopulations
present in the solution can be investigated, as they are “freeze
dried” and constrained along the energy surface as they are
transferred to the gas phase.15 An example of this approach is our
recent study using IMS-MS to observe eight structurally distinct
conformers during the folding transition of a model polypeptide,
a 13-residue polyproline (Pro13).16

To this point, connections between the measured gas-phase
structure and the original solution-phase structure have been
established through computational approaches13,14 and through
experimental observation of structural shifts as water is
removed.15,17 Thus, studies of gas-phase conformations have
led to a better understanding of protein and peptide behavior in
solution,18−21 but definitive evidence that IMS-MS provides
direct information about solution-phase processes is lacking. We
propose that capillary electrophoresis (CE) can strengthen the
link, as CE is the solution-phase analogue of IMS. Similar to IMS,
ions are separated based on their size and charge, but CE
separates species based on differences in their solvated
hydrodynamic radius instead of the gas-phase collision cross
sections of IMS. CE can resolve cis/trans isomers of a molecule
containing a single proline peptide bond22 and can be used to
differentiate between folded and fully unfolded states of
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proteins.23 CE has been used to observe and monitor
conformational changes resulting from differential exposure to
denaturing conditions, including the formation of multiple non-
native states.24−30 Kinetic CE methods have also been used to
monitor the slow ligand-induced interconversion of conforma-
tions of a protein,31 and intermediates have been observed upon
formation of a multimeric protein frommonomer subunits.32 CE
has provided evidence of a single time-based folding intermediate
for a protein,28 but multiple intermediate folding conformations
have not been previously observed.
In this work, both IMS and CE are used to investigate the

conformational transitions that occur during folding of Pro13.
Unlike other amino acids, proline shows a propensity to also take
the cis conformation when forming peptide bonds.33 As a result,
polyproline chains have two major conformational forms:34 the
polyproline I (PPI) helix, a right-handed helix with all peptide
bonds in the cis conformation which is favored in hydrophobic
environments,35 and the polyproline II (PPII) helix, a left-
handed helix with all peptide in the trans conformation which is
favored in aqueous environments.36,37 Switching solvent
environments initiates folding of the peptide from one helical
form to the other. Since the energy barriers for cis-trans
isomerization of proline are high,38 the PPI→ PPII transition is
slow enough to enable monitoring. As a result, the first
experimental observation of multiple intermediates in peptide
folding was on this system, using ion mobility spectrometry.16

Confirmation that these multiple intermediates are present in
solution, rather than being gas-phase observational artifacts, is
thus particularly important.
Using CE, five different peaks can be observed during the

transition from solid PPI to aqueous PPII, although they are not
fully resolved. The profiles of conformer abundance as a function
of time are remarkably similar for the direct solution-phase
measurements of CE and the measurements of desolvated
structures by IMS-MS. A direct comparison between the IMS
measurements and CE results confirms the existence of
polyproline folding intermediates in solution.

■ EXPERIMENTAL SECTION
Sample Preparation. Pro13 was synthesized following an

established Boc solid-phase peptide protocol, as described
previously.39 Additional Pro13 was obtained from GenScript
(Piscataway, NJ) for CE experiments. Pro13 samples were
dissolved in excess 1-propanol and incubated at room temper-
ature for 72 h to generate the PPI conformer.16 The solution was
then dried under a stream of air (CE experiments) or by vacuum
centrifugation (IMS experiments) to obtain a solid sample. The
solid starting material was necessary to obtain adequate solution-
phase concentrations for detection in the CE experiments. The
transition process was initiated by adding a 15 °C solution of 10/
88/2 1-propanol/H2O/HOAc (v/v/v) to the solid Pro13 to
obtain a final concentration of 800 μM (CE experiments) or 16
μM (IMS experiments). The sample was vortexed to ensure
complete dissolution at the start of the transition. The solvent
composition was chosen to facilitate electrospray ionization for
IMS experiments as well as to enable comparison to prior IMS
experiments on polyproline folding in solution.16 The resulting
solution was maintained at 15 °C throughout the transition.
Parallel CE and IMS-MS experiments were carried out
separately; each was run in triplicate. One additional CE
experiment was run at a concentration of 400 μM.
Ion-Mobility Spectrometry. The experiment was carried

out on a home-built IMS-MS instrument, as has been previously

described.40 At defined time intervals during the transition,
aliquots were pipetted into the sample tray of a TriVersa
NanoMate autosampler (Advion, Ithaca, NY) held at 4 °C.
Samples were then immediately electrosprayed and then trapped
and accumulated in a Smith-geometry hourglass ion funnel.41

These accumulated ion packets were then periodically pulsed
(150 μs) into an ∼1.8 m drift tube containing ∼3.0 Torr of
helium buffer gas held at 300 K. Separation occurred under an
electric field of∼10 V cm−1, and ions exiting the drift region were
extracted into an orthogonal reflectron time-of-flight mass
spectrometer for detection. Flight times in the mass analysis
region are comparably shorter than drift times, making it possible
to collect the data in a nested fashion, as has been previously
described.42

Collisional cross sections (CCS, Ω) were determined from
experimental drift times, tD, using eq 1:43
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where kb is Boltzmann’s constant, T is the temperature of the
buffer gas, ze is the charge on the ion,mI is the mass of the ion,mB
is the mass of the buffer gas, E is the applied electric field over the
drift tube of length L, P is the buffer gas pressure, and N is the
neutral number density of the buffer gas at STP. The relative
abundance of each observed conformer at each transition time
was calculated using the Peak Analyzer tool in OriginPro 9.0.0
(OriginLab Corporation, Northampton, MA).

Capillary Electrophoresis. A commercial Beckman Coulter
PA800 capillary electrophoresis system with UV−vis detection
was used for separations. The fused silica capillary (i.d. 50 μm,
Polymicro Technologies, Phoenix, AZ) had 31.2 cm total length,
with a distance to the detector of 21.0 cm. The capillary and
sampling tray were maintained at a constant temperature of 15
°C throughout the experiment. The background electrolyte
(BGE) was the same 10/88/2 1-propanol/H2O/HOAc (v/v/v)
solution used to initiate the transition. This choice was made to
ensure that additional conformational or charge-state changes
would not occur due to interactions of polyproline with the BGE.
The capillary was conditioned beforehand by rinsing with 0.1 M
NaOH for 10 min, followed by H2O for 10 min, and last BGE for
20 min. A solution containing dibenzylamine and 3-ethylphenol
in BGE was coinjected with the Pro13 solution to provide a
positive and neutral marker for the separation; this was used to
measure electroosmotic flow (EOF) during the separation and to
ensure reproducibility of peak migration after correcting for EOF
variation. The dibenzylamine/3-ethylphenol solution and Pro13
solution were sequentially hydrodynamically injected using 0.5
psi for 5 s. After injection, a 5 min separation was run with an
applied voltage of +30 kV; the electropherogram was recorded
with detection at 209 nm. This short separation time was
necessary to ensure that separation occurred on a faster time
scale than conformation changes during the transition. Between
separations, the capillary was rinsed with BGE for 1 min. Repeat
analyses of the sample solution occurred until no further changes
were observed in the resulting electropherograms.

Analysis of CE Data. Overlapping peaks can be observed in
experimental electropherograms. Using the Peak Analyzer tool in
OriginPro 2015 (OriginLab Corporation, Northampton, MA),
the Pro13 distribution within each electropherogram was
deconvoluted to obtain information about underlying peaks.
Iterative deconvolution fits were run until the reduced chi-
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squared value between the sum of the underlying peaks and the
experimental electropherogram was minimized, ensuring the
best possible fit for a set of data. A typical fit would be considered
to have converged when a change in chi-squared, or tolerance,
between successive iterations was less than a value of 10−12.
Resulting fits had chi-squared values between 6 × 10−9 and 2 ×
10−8. Optimized underlying peak functions were then plotted
using Maple 17 (Maplesoft, Waterloo, ON, Canada), as the
graphical output from Peak Analyzer plotted insufficient points.
In CE, electromigration dispersion is known to cause peak

asymmetry, leading to triangular peak shapes that broaden and
become more distorted with increasing concentration.44−47

Diffusion is a second source of peak broadening, generating a
Gaussian distribution for analyte peaks. Both types of broadening
can be experimentally observed in the distorted shapes of the
positive marker (dibenzylamine) peak and final equilibrium
Pro13 distribution. TheHaarhoff-Van der Linde (HVL) function
is used to fit and describe CE peaks with both types of
broadening present.48−50 The full HVL function is described in
the Supporting Information. The function has four adjustable
parameters: the peak center (xc), area (A), width (w), and
distortion (d). The parameters w, A, and d are concentration-
dependent parameters48−50 and were thus left unfixed, so that
the fitting algorithm could freely modify them between
successive electropherogram fits. The xc parameter is independ-
ent of analyte concentration, and it represents the “true”
migration time of an analyte since it will be the observed peak
center in cases where no asymmetric triangular distortion is
observed (d ≈ 0).48−50

Preliminary testing was done to establish the number of peaks
in the deconvolution. Local minima in the second derivative of
the Pro13 distribution were used to establish the presence of four
underlying features (peaks 1−4) in a majority of electrophero-

grams. A fifth peak (peak 5) was observed at long transition
times. However, this set of peaks was inadequate to model the
distribution (Figure S1), and satisfactory reduced chi-squared
values were not obtained. The distribution shows distinct tailing
at all transition times, and thus a sixth peak (the tail) was added to
complete the model. Fitting with a fewer number of peaks failed
to lead to fits that could adequately describe experimental
electropherograms. Fitting with a larger number of peaks either
led to additional peaks being minimized so that only six peaks
would contribute to the fit or the fit would fail to lead to a
satisfactory chi-squared value (Figure S1).
Shifts in the electroosmotic flow can be observed between

successive separations, as indicated by the change in position of
the neutral peak; this causes slight variance in migration time for
other species (Figure S2). Such shifts in electroosmotic flow are
not uncommon.51 However, by fixing the peak center for each
peak about a±5 s interval, the same five Pro13 peaks successfully
fit the Pro13 distributions throughout the transition. As
described below, calculation of electrophoretic mobilities of all
peaks confirmed the viability of this approach.
The resulting peaks from these fits were integrated to obtain

the area under the curve. An adjusted area for a given species was
then calculated by dividing the integrated area by the peak’s
respective migration time, xc. This transformation helps correct
for the fact that, in CE, each species will move through the
detector region with different velocity.49,50 The relative
abundance of each contributing peak was calculated by dividing
the adjusted area of the peak by the total area of the Pro13
distribution. Abundance profiles for each peak were then
generated by plotting the relative abundance of a peak against
transition time.

Determination of Electrophoretic Mobility. As noted
above, changes in EOF caused slight changes in peak position on

Figure 1. (A) CCS distributions for desolvated gas-phase Pro13 obtained at different transition times from a PPI(s) to PPII(aq) transition in 10/88/2 1-
propanol/H2O/HOAc (v/v/v) at 15 °C, as observed using IMS. (B) Relative abundance of each conformer type defined in the CCS distributions as a
function of transition time. The relative abundance is calculated for a given species by dividing the area under the curve of that species by the total area for
all Pro13 species at that time point. Various colors are used to represent different conformers: A is black, B is red, C is green, D is magenta, E is maroon, F
is orange, G is blue, and H is rose.
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the time axis, and so electrophoretic mobilities were calculated
for each observed peak to ensure reproducible identification.
Experimental apparent mobilities, μapp, were calculated by
dividing the distance to the detector by the species’ observed
migration time, tapp, and the electric field (E) generated by the
applied voltage over the length of the capillary. μapp was then
related to the species’ electrophoretic mobility, μep, using eq 2:

52

μ = μ − μep app eo (2)

where μeo is the electroosmotic mobility, a bulk property which
was calculated by dividing the distance to the detector by the
migration time of the neutral species (tn), and E. Each
experimental electropherogram was converted from an absorb-
ance vs time plot to an absorbance vs μep plot.

51 The new x-axis
accounts for differences in EOF between separations to ensure
the reproducibility of the migration for the observed Pro13
species.
Hydrodynamic Radius. A species’ hydrodynamic radius

(Rh) and effective charge (q) are related to μep through eq 3:53

μ
πη

=
q

R6ep
h (3)

where η is the dynamic viscosity of the solution in the capillary.
Variables η and E were held constant throughout the transition.
The dynamic viscosity, η, for the 10/88/2 1-propanol/H2O/
HOAc solution at 15 °C was calculated by multiplying the
measured kinematic viscosity by the measured density of the
solution at 15 °C. The kinematic viscosity was determined by
measuring the efflux time from a Cannon-Fenske Viscometer
submerged in a 15 °C bath; replicate analyses were done using
standard water as well as the 10/88/2 1-propanol/H2O/HOAc
(v/v/v) solution.54 Although the applied voltage will affect the
viscosity, the effect should be equivalent across all experiments at
a given applied voltage.

The hydrodynamic radius is the radius of a hard sphere with
equivalent frictional properties. Using eq 4,55,56 a theoretical
hydrodynamic radius can also be calculated for structures with a
rod-like or cylindrical shape:
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where L is the length of the cylinder, and p is the ratio of the
cylinder’s length to its diameter.

■ RESULTS AND DISCUSSION
Using IMS, eight different conformers (A-H) of [Pro13 + 2H]2+

were observed during the transition of PPI(s) to PPII(aq)
(Figure 1A). Only the 2+ charge state was observed using IMS-
MS. On the basis of their collision cross sections, these
conformers were assigned as having the same gas-phase
structures previously observed during the transition of
PPI(propanol) → PPII(aq).16 Conformer A is assigned as PPI,
and conformer F is assigned as PPII.16

Integration of each conformer at each transition time point
(Figure 1B) yields profiles that are also consistent with the
mechanism proposed for the PPI(propanol) → PPII(aq)
transition.16 Starting with conformer A (PPI), a sequential loss
of conformers with larger gas-phase collision cross sections is
observed; this culminates in the establishment of an equilibrium
population dominated by conformers F (PPII) and G. However,
starting the transition with PPI(s) leads to some differences in
conformer relative abundance at short transition times, as
compared to transitions initiated from propanol solutions,16

notably a reduced initial abundance of conformer A (PPI) and a
corresponding increase in initial abundance of transition

Figure 2. (A) Experimental electropherograms converted to an electrophoretic mobility scale at different transition times for a PPI(s) to PPII(aq)
transition in 10/88/2 1-propanol/H2O/HOAc (v/v/v) at 15 °C, as observed using CE. (B) Fits of experimental electropherograms at various transition
times, where each colored peak represents an underlying contributing peak from peak deconvolution: 1 is green, 2 is red, 3 is blue, 4 is black, and 5 is
purple. Experimental data are represented as black circles, and the navy line is the sum of the five peaks and the tail from peak deconvolution. (C)
Relative abundance of underlying peaks as a function of transition time, as found with CE; each species in the abundance profile corresponds to the peak
defined by the same number and color in the experimental fits. The relative abundance is calculated for a given species by dividing the adjusted area
under the curve of that species by the total area for all Pro13 species at that time point.
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intermediates B and C. The process of drying propanol solutions
to obtain PPI(s) has an effect on which conformations are
present; it appears that the transition toward PPII is already
underway when the experiment is initiated by dissolution of the
solid in 10/88/2 1-propanol/H2O/HOAc (v/v/v). The solid
startingmaterial was necessary to obtain adequate solution-phase
concentrations for detection in the CE experiments.
Using peak deconvolution of the CE data, five components

(1−5) were partially resolved in the Pro13 distribution during
the transition from PPI(s) to PPII(aq) (Figure 2A,B). This is the
first direct observation of multiple intermediates in protein
folding in solution. As shown in Figure 2C, the abundance of
these components changed as a function of time. The abundance
profiles are complex and will be explored in detail below. A tailing
component to the Pro13 distribution was also present and
consistent throughout the experiment (Figure S3) and thus was
not included in further data analysis.
Figure 3 is a comparison of the abundance profiles generated

by monitoring the transition from PPI(s) to PPII(aq) using IMS

and CE. As fewer resolved components are observed in CE than
in IMS, we have added the relative abundances of conformers
observed using IMS (as shown in Figure 1) to model the
distribution seen in CE. Here, we present the combinations that
provide the closest fit between the two data sets; alternative
combinations with inferior fits are found in the Supporting
Information (Figure S4).
Peak 1 fromCE, which has an average electrophoretic mobility

of (4.79± 0.05)× 10−9 m2/V s, has a relative abundance of about
0.2 at the start of the transition. From here, peak 1 decreases over
time and becomes nearly unobservable after 110 min. This
closely corresponds to the loss of peak A, assigned to the PPI
helix,16 in the IMS data. At the start of the transition, peak A has a
relative abundance of about 0.25 and it becomes vanishingly
small after 90 min.
Peak 2 from the CE data, which has an average electrophoretic

mobility of (4.18 ± 0.06) × 10−9 m2/V s, starts at a relative
abundance of about 0.5 and decreases until it reaches a steady
abundance of about 0.3 between 150 and 250 min. This trend in
abundance favorably compares to a combination of conformers B
andG from the IMS data; the sum of relative abundances of these
conformers is slightly above 0.6 at the start of the reaction,
increases until it reaches a value of about 0.65 at 20 min, and then

decreases to reach a constant value of about 0.3 at 150 min
through 250 min.
The relative abundance for peak 3 from CE, which has an

average electrophoretic mobility of (5.4 ± 0.3) × 10−9 m2/V s,
starts at about 0.3; it then increases until it reaches a plateau
slightly below 0.5 from 75 to 125 min. Thereafter, the relative
abundance of peak 3 decreases until it reaches a value of about 0.1
between 225 and 250 min. This compares nicely to a
combination of conformers C, D, and E from IMS; the sum of
relative abundances of these conformers starts slightly above 0.1,
then increases until reaching a plateau of slightly below 0.5 from
90 to 130 min, and subsequently decreases until reaching a value
of about 0.1 at 225 min through 250 min.
Further confidence in the assignment for this conformer

combination comes from analysis of the peak center, xc, over the
transition time (Table S1 and Figure S5). The standard deviation
for the peak center for peak 3 is much larger than that of the other
CE peaks. Noticeably, the peak center seems to have a consistent
value of 5.15× 10−9 m2/V s at the start of the reaction and 5.85×
10−9 m2/V s at the end of the reaction. The shift is quite rapid and
occurs around the transition time when D + E surpasses C in
relative abundance in the IMS data (Figure S6). Although this
would support the idea of peak 3 containing distinct conformers,
attempts to resolve the two peaks mathematically by fitting with
an additional peak were unsuccessful, as they did not lead to a
convergent fit.
Peak 4 from the CE data, which has an average electrophoretic

mobility of (4.96 ± 0.03) × 10−9 m2/V s, is unobservable at the
beginning of the transition. It is first observed after about 70 min,
and it then increases until reaching a plateau at a relative
abundance value of about 0.65 from 210 to 250 min. This
compares well to peak F from IMS, the PPII helix and major final
product, which is unobservable at the start and is first detected at
about 75 min; thereafter, it increases until also reaching a plateau
at a value of about 0.6 from 175 min through 250 min.
Lastly, about 150 min into the transition, we can observe a

small peak 5 in the CE data, with an average electrophoretic
mobility of (6.47 ± 0.05) × 10−9 m2/V s. It maintains a
consistently low relative abundance of about 0.01 until the end of
the reaction, which is comparable to the behavior of peak H from
the IMS data.
The most notable differences between the combined IMS and

CE data sets are at the start of the reaction, and in our CE
experiments, we found slight variance in the initial relative
abundance of each component (Figures S7 and S8). This is most
likely caused by the different drying methods used between the
two methods, leading to differing amounts of propanol being
retained in the structure between CE and IMS experiments and
within replicates of the CE experiment. As the reaction proceeds
toward equilibrium, the fit between the two experiments
becomes much more pronounced; at the tail end of the reaction
between 200 to 250min, all 5 CE peaks and combinations of IMS
data match very consistently. Key transition times observed in
the IMS data are also reproduced in the CE data: the dominance
of F (peak 4) over A (peak 1) at 75−80 min, the dominance of F
over B + G (peak 2) at 140−145 min, and the dominance of F
over C + D + E (peak 3) at 150−155 min, and the temporary
dominance of C + D + E (peak 3) over B + G (peak 2) beginning
at 65−85 min and ending at 150−155 min.

Structure and Charge Implications. As both CE and IMS
separate ions as a function of charge and size, it is tempting to
make direct comparisons of ion sizes. By comparing gas-phase
collision cross sections from IMS to the results of molecular

Figure 3.Comparison of relative abundance of conformers as a function
of transition time for the transition from PPI(s) to PPII(aq) in 10/88/2
1-propanol/H2O/HOAc (v/v/v) at 15 °C monitored using IMS (filled
symbols) and CE (hollow symbols). Note that the relative abundance of
IMS conformers in Figure 1 are combined in this figure. Each species
from CE is colored to match the species or combination from IMS that
behaves notably similar.
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dynamics simulations of desolvated structures, solution-phase
structures have been proposed for each of the intermediates.16

However, although these solution-phase structures are modeled
in terms of cis−trans isomerism, they do not reflect actual
solvation conditions or the movement of bonds beyond the
peptide bond. The ion size in CE corresponds to the solvated
species. In addition, our direct measurement in CE gives us a
ratio of charge and size, and differences in either variable can
contribute to differences in observed mobility.
We can, however, make semiquantitative comparisons for the

two conformers that are more fully characterized and assumed to
be more structurally constrained: the PPI (A in IMS and peak 1
in CE) and PPII (F in IMS and peak 4 in CE) helices. As both of
these structures are rod-like, a theoretical hydrodynamic radius
can be calculated using eq 4. However, we note that these
structures may not be perfectly rod-like; it is possible that
distortions in bonding angles lead to a different or more compact
geometry. On the basis of the literature value of a helical rise per
residue of 3.1 Å for the PPII helix,57 this conformer of Pro13
would have an expected length of 40.3 Å. With a cylindrical
diameter of approximately 8.4 Å, the theoretical Rh of the PPII
helix is thus 10.2 Å. Although this value ignores entrained solvent,
it compares well with our experimental findings; on the basis of
our measured electrophoretic mobility and solution viscosity
(1.68 ± 0.01 mPa s), the singly charged [PPII + H]+ ion would
have an Rh of 10.4 ± 0.1 Å.
In contrast, the PPI helix is described with a helical rise of only

1.9 Å.57 With a cylindrical diameter of approximately 9.5 Å, the
theoretical Rh of the PPI helix is 8.3 Å. We would thus expect PPI
to have a higher electrophoretic mobility than PPII, as it is
smaller. However, our experimental results show the opposite;
PPI has a slower arrival time and lower electrophoretic mobility
than PPII. The experimental hydrodynamic radius for [PPI +
H]+ is 10.9 ± 0.2 Å. The difference between the calculated and
experimental hydrodynamic radius likely arises from an effective
charge on PPI of less than +1,58 which would be facilitated by the
presence of 1-propanol and themore hydrophobic exterior of the
PPI helix.59,60 This and alternative explanations, including
solvation effects, could be explored through rigorous simulation
of the solvated system.

■ CONCLUSIONS

Ion mobility has provided a window into the process of peptide
and protein folding.16 One assumption that has been made in
these ion mobility experiments is that gas-phase measurements
reflect solution-phase populations. This work demonstrates that
this is a reality for the polyproline system. Although capillary
electrophoresis was not able to resolve all eight conformers
involved in the transition of Pro13 from PPI to PPII, solution-
phase intermediates were directly observed and their concen-
trations followed the same profiles as a function of time as seen in
ion mobility. Detailed modeling of solution-phase structures is
necessary to more fully characterize these intermediates and to
confirm, or contradict, specific structures derived from gas-phase
measurements.
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