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Abstract. Ion mobility spectrometry and circular
dichroism spectroscopy are used to examine the
populations of the small model peptide,
polyproline-13 in water, methanol, ethanol, and
1-propanol over a range of solution temperatures
(from 288 to 318 K). At low temperatures, the
less-polar solvents (1-propanol and ethanol) fa-
vor the all-cis polyproline I helix (PPI); as the
temperature is increased, the trans-configured
polyproline II helix (PPII) is formed. In polar sol-

vents (methanol and water), PPII is favored at all temperatures. From the experimental data, we determine the
relative stabilities of the eight structures in methanol, ethanol, and 1-propanol, as well as four in water, all with
respect to PPII. Although these conformers show relatively small differences in free energies, substantial
variability is observed in the enthalpies and entropies across the structures and solvents. This requires that
enthalpies and entropies be highly correlated: in 1-propanol, cis-configured PPI conformations are energetically
favorable but entropically disfavored. In more polar solvents, PPI is enthalpically less favorable and entropy
favors trans-configured forms. While either ΔH0 or ΔS0 can favor different structures, no conformation in any
solvent is simultaneously energetically and entropically stabilized. These data present a rare opportunity to
examine the origin of conformational stability.
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Energetics
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Introduction

Characterization of the structures and stabilities of native
and non-native forms of polypeptide chains is key to

unraveling fundamental aspects of how structure is established

[1–6]. However, non-native folds are typically transient in
nature [3, 5, 7] and sensitive to the local environment. For
example, interactions with solvent, [8–10] small molecules
[11–13] (e.g., osmolytes, drugs, lipids) and extreme cases
where the polypeptide is imbedded or interacting with mem-
branes [14, 15] can modulate biomolecular structure, increas-
ing the complexity of the folding process. Mass spectrometry,
especially Bnative MS^, has emerged as an ideal biophysical
tool to study biomolecular structure and interaction [16–19].
When combined with ion mobility spectrometry (IMS), the
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IMS-MS technique affords new experimental approaches for
understanding how changes in the local environment might
alter polypeptide stability and conformational preferences [20].

Oligomers of proline are amongst the most-studied model
systems for investigating structure and stability relationships
[21–26]; unlike other amino acids, proline-peptide bonds can
undergo cis↔ trans isomerization [27, 28], which often induces
large variations in structure [29]. These bonds are exquisitely
sensitive to solvent—favoring the all-cis polyproline-I helix (PPI)
in 1-propanol and the all-trans polyproline-II helix (PPII) inwater
[30]. The PPI helix is enthalpically stable but entropically
disfavored as compared with PPII [22]. Recently, we have char-
acterized eight long-lived structures involved in the PPI↔PPII
folding transition of polyproline-13 (Pro13) and examined the
mechanisms and pathways for folding [31, 32]. These structures
are shown in Scheme 1. When structure A from Scheme 1 (PPI,
incubated in 1-propanol) is transferred into water, it undergoes a
series of cis→ trans isomerizations at specific peptide bonds in a
sequential step-by-step transition through the six intermediates
that are shown, to produce structure F (PPII) [31, 32]; the reverse
process, in which PPII (incubated in water) is induced to fold to
PPI upon immersion in 1-propanol is slower and occurs by a
highly parallel mechanism [32].

In this work, we use circular dichroism (CD) spectroscopy
and IMS to explore in more detail the role that solvent plays in
these transitions by measuring the thermodynamics of the eight
Pro13 structures upon incubation in water, methanol, ethanol, or
1-propanol solutions of varying temperature. The combination
of techniques allows us to parse out a detailed look at mixtures of
conformations that are typically not observable. The outcome is
a first glimpse of the interplay between enthalpy and entropy in
stabilizing multiple conformations of a biopolymer. From these
data, we obtain insight about why specific conformations are
favored in some environments while disfavored in others.

Experimental
Synthesis of Pro13

All synthesis reagents were purchased from Midwest Biotech
(Indianapolis, IN), except for 3-(diethoxy-phosphoryloxy)-3H-
benzo[d]-[1,2,3]-triazin-4-one, which was purchased from

Aapptec (Louisville, KY). All solvents used were of the highest
purity. Pro13 was synthesized using a modified Applied
Biosystems 430A synthesizer (Applied Biosystems, Foster City,
CA) by standard Boc solid-phase synthesis protocol, and puri-
fied by reversed-phase HPLC (> 98% purity), described in detail
previously [31].

Sample Preparation and Data Analysis

Stock solutions were prepared in appropriate solvents (water,
methanol, ethanol, 1-propanol) to ~ 0.3 mg mL−1. Anhydrous
solvents were prepared within 24 h of analysis to ensure
samples remained free of water. Working solutions were pre-
pared to 0.03 mgmL (23 μM) and incubated in a water bath for
at least 12 h prior to analysis. Mobility distributions were
plotted with OriginPro v 9.2.2 (OriginLab Corporation, North-
ampton, MA) and integrated using the peak analyzer tool. The
van’t Hoff equation was used to determine the relative ener-
getics for each conformer:

ln Keq

� � ¼ −
ΔH0

RT
þ ΔS0

R

where Keq is the value of a conformers equilibrium constant
(with respect to conformer F), R is the gas constant, T is the
absolute temperature, and ΔH0 and ΔS0 are the values of
enthalpy and entropy, respectively. Gibbs free energies (ΔG0)
were determined using the Gibbs relationship of ΔG0 =ΔH0

−TΔS0. Values reported are the average of triplicate measure-
ments. Uncertainties are reported as the standard deviation
about the mean.

Instrumentation

CD spectroscopy was performed on Jasco J-715 spectropho-
tometer (Jasco Inc., Easton, MD) using a quartz cuvette with a
1.00-mm optical path length (Hellma Analytics, Plainview,
NY). IMS-MS instrumentation [33, 34] and theory [35–37]
are described elsewhere; only a brief description of the appa-
ratus is given here. Ions are produced by nano-electrospray
ionization (ESI) using a Nanomate Autosampler (Advion, Ith-
aca, NY) and transferred to the first vacuum stage of the
instrument, where they are stored in an hourglass-shaped ion

Scheme 1. Ideal polyproline-13 structures (see Table 1 for more details)
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funnel [38]. Packets of ions are periodically released into the 2-
meter drift tube filled with 3.00 Torr He buffer gas and held at
an electric field strength of ~ 10 V cm−1. Ions of varying shapes
experience different numbers of collisions with the He buffer
gas and therefore, drift at different velocities through the drift
tube. Mobility-separated ions exit the drift tube and are pulsed
orthogonally into a TOFmass spectrometer for analysis of their
mass-to-charge (m/z) ratios. Drift times for peaks correspond-
ing to specific conformations are reproducible from experiment
to experiment to within ± 1% relative uncertainty. Thus, we
find no evidence for any new structures other than the A
through H structures reported previously.

Determination of Experimental Collision Cross
Section

IMS separations are recorded as an experimentally-measured
drift time (td); td values are converted to an ion-He collision
cross section (CCS) (Ω) using [35]:

Ω ¼ 18πð Þ1=2
16

ze

kbTð Þ1=2
1

mI
þ 1

mB

� �1=2 tDE
L

760

P

T

273:2

1

N

The terms z, e, kb, andN are the ions’ charge, the value of an
elementary charge, Boltzmann’s constant, and the neutral num-
ber density of the buffer gas at standard temperature and
pressure. Experimentally controlled parameters of E, L, and P
are the electric field strength, the drift tube length, and the
absolute pressure of the buffer gas.

Results and Discussion
CD Measurements of Pro13 in Different Solvents

Figure 1 shows CD spectra for Pro13 after incubation in water,
methanol, ethanol, or 1-propanol. In water, Pro13 shows a
minimum at 205 nm and reaches a maximum signal at

230 nm—the feature at 205 nm is a signature of the all-trans
PPII helix [22, 23]. A similar (albeit smaller) signal is observed
in methanol. The spectrum obtained in ethanol shows minima
at 198 and 230 nm and a maximum at 213 nm, indicating the
dominant solution-phase population is the cis-configured PPI
helix [22, 23]. The signals for these signatures increase in 1-
propanol.We note that the spectra obtained from ethanol and 1-
propanol are similar and consistent with a large population of
cis-configured peptide bonds. In water and methanol, trans-
configurations are favored, in agreement with prior CD studies
[22, 23].

Combining IMS Measurements with a CD Analysis

While the CD spectra provide information about the average
populations of peptide bonds across all structures present in
each solution, it does not provide information about contribu-
tions from individual conformations. Such insight can be ob-
tained from conformer populations determined by IMS data
(when combined with a detailed theoretical analysis of struc-
ture) [39, 40]. Briefly, this approach takes advantage of the idea
that the mobility of an ion through a buffer gas is related to its
shape, which depends on its conformation [16, 41, 42]. Com-
pact conformers have higher mobilities [or smaller collision
cross sections (CCS)] than more extended structures [40, 43].
Prior work for doubly protonated Pro13 [31], comparing mea-
sured CCSs with values calculated for trial conformations
generated by molecular modeling, yielded the eight conforma-
tions having cis and trans peptide bond assignments given in
Table 1 and shown in Scheme 1. In Table 1, we expect that the
A, B, C, and F cis/trans assignments should be highly accurate,
whereas some variation in the internal peptide bond assign-
ments is expected for D, E, G, and H. The CCSs measured here
upon electrospraying from different solvents are identical
(within experimental uncertainty) to those reported previously
[31]; therefore, we assign these peaks to the A through H
conformers, where A corresponds to the all-cis PPI helix and
F to the trans-configured PPII helix.
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Figure 1. (a) CD and (b) IMS distributions Pro13 incubated in water, methanol, ethanol, or 1-propanol at 298 K. Inset red lines in (b)
scaled by × 35
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Consider the IMS distributions for doubly protonated Pro13
originating from these four solvents as shown in Figure 1. In 1-
propanol, the IMS distribution is dominated by an intense
signal at Ω = 323 Å2; a slightly more compact structure at
Ω = 308 Å2 is also present. From this distribution, we calculate
a weighted-average cis-population of ~ 96% for the 1-propanol
solution. This is the first analysis to delineate the average
populations measured from a CD experiment as composites
of multiple conformations, rather than a portion of an ensemble
of different conformational types. In this case, the ~ 4% popu-
lation of trans-configured bonds from the bulk system arises
from the B conformation, having two trans-peptide bonds in its
structure and comprising ~ 30% of the IMS distribution.

Upon electrospraying from ethanol, we observe that the abun-
dance of conformer B is nearly equivalent to that for A. Several
low-abundance signals centered at Ω= 287 Å2 are also present,
corresponding to the PPII helix (conformer F) and other trans-
configured structures that have collapsed in vacuo upon removal
of solvent, as assigned previously [31]. The IMS distributions
from methanol and water are almost identical. The methanol
solution contains only trace amounts of the PPI structure and
conformers B, and C, and in water, these are not observed.
Overall, the populations that are extracted from the IMS data
(and cis/trans structural assignments) are in good agreement with
the conformationally unresolved changes observed for different
solvents by CD, corroborating our prior assignments.

Equilibrium Thermochemistry for Different Con-
formations in Different Solvents

By measuring the populations of structures from the IMS distri-
butions for samples that are incubated at varying solution tem-
peratures, it is possible to measure the equilibrium thermochem-
istry of these different structures in each solution. As an example,
Figure 2 shows IMS distributions for Pro13 incubated in ethanol
at various solution temperatures. At 293 K, the PPI helix is most
abundant. The distribution is similar at 298 K, and at 303 K, the
signal for PPII is nearly equal to that for PPI and conformer B.
The population shifts to favor PPII and other structures with a
high degree of trans-configured prolyl bonds as the temperature
is increased to 313 K. These observations are also consistent

with prior CD studies [22, 23], demonstrating that PPII, and
other conformers dominated by trans-configured peptide bonds
are stable at high temperatures. From these data, we see that
these states must be entropically preferred. The IMS populations
from water, methanol, and 1-propanol also show subtle varia-
tions in conformer abundances with changes in solution temper-
ature (see Supporting Information).

A summary of the relative thermochemistry for the A
through H conformers in each solvent, calculated from the
enthalpies (ΔH0) and entropies (ΔS0), determined from van’t
Hoff plots (see Figure S2 and Tables S1–S4 in the Supporting
Information) of the temperature-dependent IMS populations is
shown in Figure 3. All thermochemical values are determined
with respect to PPII (conformer F). The values of ΔG0 show
that PPI is most stable relative to other structures in 1-propanol
and becomes less favored in ethanol and methanol. We antic-
ipate that the PPI helix, and structures having large fractions of
cis-configured peptide bonds, also follow this trend; however,
these structures are presumably too unstable to be observed in
water. The only conformers observed in water (conformers D,
E, G, and H, Table 1), are less stable than PPII. In methanol,
only small amounts of PPI are observed (ΔG0 ~ 14 kJ mol−1)
and even smaller fractions of states B and C are apparent;
instead, methanol appears to stabilize structures with increasing
fractions of trans-configured bonds, with the all-trans PPII
helix being most preferred. In ethanol and 1-propanol, all the
other structures are less stable than PPI.

Table 1. Summary of conformer designations, cis/trans configuration, and
experimental and calculated collision cross section (Ω)

Conformer
assignment

cis/trans
configurationa

Ωexp

(Å2)
Ωcalc

a

(Å2)

A (PPI) CCCCCCCCCCCC 323 324
B TTCCCCCCCCCC 308 309
C TTTCCCCCCCCC 303 306
D TTTCCTCCCCCC 298 299
E TTTCCTTCCCCC 293 293
G TTTTTTTTCCCC 280 282
H TTTTTTTTTTCT 275 278
F (PPII) TTTTTTTTTTTT 287 288

aConfigurations and Ωcalc values are taken from ref. [31]. Bolded text denoted
regions with unambiguous cis/trans assignments
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Figure 2. IMS distributions obtained from ethanol at represen-
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Understanding the Origins of Relative Stabilities

An understanding of the origins of conformer stabilities can be
obtained by examining the ΔH0 and ΔS0 diagrams (see
Figure 3). We begin by comparing the relative enthalpies. PPI
is enthalpically most favored (relative to other structures) in 1-
propanol. The relative enthalpy of this structure approaches
zero with increasing solvent polarity, and PPI is not observed in
water. Structures with mainly cis-peptide bonds (PPI, con-
formers B and C) are ~ 90–160 kJ mol−1 more enthalpically
favorable than PPII. Examination of all ΔH0 values reveals that
PPII is the least enthalpically stable structure, except for con-
formers D and E from methanol solutions and conformer H
from ethanol, which are minor features in their respective
mobility distributions. In summary, virtually all-cis-configured

prolyl bonds are stabilized by ΔH0 as compared to trans-
oriented structures. For PPI, the backbone carbonyl oxygens
are aligned parallel to the backbone and directed toward the
positively charged N-terminus resulting in a strong helical
macrodipole moment that stabilizes this structure relative to
PPII. In this configuration, there are few ways that solvent can
form hydrophilic interactions (e.g., hydrogen bonds, salt brid-
ges) with the peptide backbone; weak hydrophobic interactions
(e.g., van der Waals) between the solvent must provide some
enthalpic stability to PPI.

Figure 3 showsΔS0 values for each conformer. Consider the
entropic component of PPI in each solvent. PPI is the least
entropically favored configuration in 1-propanol, followed
closely by PPI in ethanol and then methanol. By extrapolating
the apparent dependence on solvent polarity, it can be assumed
that PPI and other cis-configured structures are entropically
more favorably stable in water, even though they are not
experimentally observed. Despite the energetic favorability of
PPI, and conformers B and C, they are quite entropically
disfavored (ΔS0 ~ − 350 to − 650 J K−1 mol−1) compared to
PPII. In PPII, the backbone carbonyls are perpendicular to the
backbone which exposes hydrophilic regions that can interact
with neighboring polar solvent—such intermolecular interac-
tions are the stabilizing interactions that favor PPII.

Enthalpies and Entropies for Intermediates Are
Highly Correlated

Figure 4 shows plots of intermediate thermochemistry extract-
ed from these data. As we examined these plots, we were struck
that in each solvent, the energetics associated with these con-
formations shows a strong correlation of enthalpy and entropy.
Correlation plots of ΔH0 and ΔS0 values for small molecule
chemical reaction systems as well as larger biological mole-
cules that exhibit two-state, cooperative folding, and unfolding
transitions have been observed previously [44–50]. From our
thermochemistry, it appears that this correlation is not only
important at the endpoints of a two-state process or reaction,
but also for many other stable conformations. This is signifi-
cant. Many of the structures observed in our equilibrium dis-
tributions for different solvents are transient intermediates in
previous folding studies. Thus, our data provides experimental
evidence that this balance of stabilizing forces appears to be
important throughout the conformational landscape.

Additional insight about structural stabilization can be ob-
tained by thinking about four quadrants (Q1 through Q4) that
any structure could reside in (Figure 4). In Q1, ΔH

0 and ΔS0 are
both unfavorable; any structure that persists in this space would
do so despite unfavorable energetics. Structure found in Q2 are
favored by ΔS0, but ΔH0 unfavorable; in Q3, ΔH0 is favorable
and ΔS0 is disfavored; and, structures in Q4 are stabilized by
both ΔH0 and ΔS0.

We begin by considering the implications that no confor-
mations are ever found in Q1 or Q4. It makes sense that both
enthalpic and entropic interactions should disfavor confor-
mations and thus it is not surprising that no structures are
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found in Q1. However, at first glance, one might think that
Q4 would be most populated with structures, since both
entropic and enthalpic interactions would be favored. How-
ever, for this to be true, a structure would require many
relatively tight enthalpically favoring bonding interactions,
while the system becomes relatively structurally dynamic
(i.e., sampling a wide conformational space or many tran-
sient solvent-conformation interactions). No structures are
observed in this region because tight-binding interactions
apparently restrict increased dynamics associated with in-
creasing the entropy. Our data show that the energetic terms
for each conformation fall into Q2 and Q3, an indication that
these dynamic species rely on the delicate balance between
ΔH0 and ΔS0 to undergo folding.

Enthalpies and Entropies for Transition States Are
Also Highly Correlated

The analysis presented in this work has encouraged us to return
to our earlier kinetics studies where we followed the transitions
of either PPI→ PPII or PPII→ PPI. In the former case, PPI is
prepared by incubating Pro13 in 1-propanol. The transition was
initiated by rapid dilution into water to a final solution concen-
tration of 90:10 water:1-propanol. The latter PPII→ PPI transi-
tion was initiated by diluting PPII (prepared by incubating Pro13
in water) with 1-propanol to a final composition of 97:3 1-
propanol:water solution. An enthalpy-entropy correlation plot
for these systems is shown in Figure 5. Because we determined
the temperature-dependent rates for the observed structural tran-
sitions, we were also able to extract transition state thermochem-
istry. These data are also included in Figure 5. While the ther-
mochemistry is somewhat different in the mixed solvent sys-
tems, we find a strong enthalpy-entropy correlation amongst the
precursors and intermediate states that are observed. But, impor-
tantly the transition states also show this correlation. Prior work
indicated that the PPI→ PPII transition was sequential [31] (i.e.,
A→B→C→D→…) whereas the PPII→ PPI transition oc-
curred by a parallel mechanism [32]. The plots in Figure 5 show
that regardless of the pathway (sequential vs parallel), there is a
strong correlation of enthalpy and entropy. This result is striking
as it shows that transition states as well as intermediates are
defined by a complex interplay between thermodynamic forces.
As one thinks about all of the many interactions within the
peptide as well as environment that may vary along a complex
structural rearrangement, it is perhaps not surprising that the
forces governing these changes are highly correlated. In this
way, the conformations and systems work together to establish
the favored distributions of coexisting states.

Summary and Conclusion
Studies of the solvent-dependent thermochemistry of Pro13 was
determined using CD and IMS. The data support prior evidence
that the all-trans PPII helix is preferred in polar solvents (water
and methanol) and that the cis-configured PPI helix is favored in
less polar solvents (ethanol and 1-propanol). PPI, having cis-

Figure 4. Enthalpy-entropy diagrams for each solvent system
investigated. Quadrants (Q1–Q4) delineate thermodynamically
preferred terms as shown in the figure (see text formore details).
Each value is the average of triplicate measurements, and error
bars represent the standard deviation about the mean
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configured peptide bonds is enthalpically favored, whereas PPII
and trans-oriented prolyl bonds are favored by entropy. The
energetic and entropic terms for the different conformations, as
well as transition states are highly correlated, regardless of
folding pathway or environment. This is an important result to
observe experimentally, especially for so many states as it shows
that there is a complex balance of forces that governs the
distributions of structures that are present in different environ-
ments. It appears that peptides take advantage of the flexibility of
many interactions as a means of establishing the final structural
distribution within an environment.
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