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Abstract. Proline favors frans-configured peptide bonds in native proteins. Although
cis/trans configurations vary for non-native and unstructured states, solvent also
influences these preferences. Water induces the all-cis right-handed polyproline-I
(PPI) helix of polyproline to fold into the all-rans left-handed polyproline-II (PPII) helix.
Our recent work has shown that this occurs via a sequential mechanism involving six
resolved intermediates [Shi, L., Holliday, A.E., Shi, H., Zhu, F., Ewing, M.A., Russell,
D.H., Clemmer, D.E.: Characterizing intermediates along the transition from PPI to
PPII using ion mobility-mass spectrometry. J. Am. Chem. Soc. 136, 12702-12711
(2014)]. Here, we use ion mobility-mass spectrometry to make the first detailed

thermodynamic measurements of the folding intermediates, which inform us about
how and why this transition occurs. It appears that early intermediates are energetically favorable because of the
hydration of the peptide backbone, whereas late intermediates are enthalpically unfavorable. However, folding
continues, as the entropy of the system increases upon successive formation of each new structure. When PPII
is immersed in 1-propanol, the PPII-PPI transition occurs, but this reaction occurs through a very different
mechanism. Early on, the PPII population splits onto multiple pathways that eventually converge through a late
intermediate that continues on to the folded PPI helix. Nearly every step is endothermic. Folding results from a
stepwise increase in the disorder of the system, allowing a wide-scale search for a critical late intermediate.
Overall, the data presented here allow us to establish the first experimentally determined energy surface for

biopolymer folding as a function of solution environment.
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Introduction

ince Anfinsen’s denaturation-renaturation experiments [1],

biopolymer folding has been conceived as a cooperative
two-state process, where the system spontaneously transforms
from poorly-defined, less-structured, “denatured” configura-
tions to the biologically-active “native” state, having a well-
defined geometric structure [2]. This may occur along a single,
energetically favorable pathway [3, 4], or it could involve many
different paths that funnel the population toward an energy
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minimum [2, 5, 6]. In more than 50 years of study, there is still
a nearly complete dearth of experimental information about
intermediates [2]—which must exist because folding occurs
rapidly [2, 7]. Calculations provide insight about transitions;
however, theory can only be directly tested against a limited set
of experimental benchmarks [8, 9].

Ion mobility-mass spectrometry (IM-MS) is increasingly
used to probe the structure and dynamics of biomolecules
[10-13] and is especially sensitive to the cis/trans isomeriza-
tion of proline residues [14—18]. In combination with theoret-
ical approaches, conformations present in an ion mobility
distribution can be identified, as measured collision cross sec-
tions can be compared with calculated values for theoretical
geometries [19]. Furthermore, although it was first used for the
study of gas-phase molecules, there is evidence that IM-MS
can also provide insight about solution-phase structural
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dynamics and heterogeneity [20-24]. Different solution con-
formations produce dissimilar gas-phase conformations upon
desolvation from a gentle ionization source such as
electrospray [25]; this enables detailed structural information
about low-abundance and short-lived intermediates in solution
to be accessed by IM-MS analysis.

Recently, we resolved and characterized numerous interme-
diates involved in folding the 13-residue polyproline (Prol13)
from the all-cis polyproline-I (PPI) configuration to the all-
trans polyproline-I1 (PPII) configuration [14]. The orientation
of the peptide bond in polyproline is extremely sensitive to its
environment [26-28]. In nonpolar solvents such as propanol,
the peptide oligomer adopts the right-handed helical PPI struc-
ture in which every peptide bond orients adjacent pyrrolidine
rings into a cis configuration [27, 29, 30], as is shown in
Figure 1. This tightly-folded helix shields the peptide backbone
from the solvent. Upon immersion in water, each bond flips
into a trans orientation, resulting in the more extended, left-
handed PPII helix. The hydrated structure is stabilized through
interactions of exposed carbonyl groups along the peptide
backbone with the polar solvent—a configuration that is also
adopted by denatured and intrinsically disordered amino acid
sequences [31-35].

Here, we extend our investigation to the PPII—PPI transi-
tion, showing that the reverse process is remarkably slow and
proceeds via a different mechanism. The hypothetical energy
landscape shown in Figure 1 illustrates the complex maze of
pathways that arise upon cis—trans (PPI—PPII) or trans—cis
(PPII—PPI) rotations of individual peptide bonds encountered
in folding from one helix into the other. A stepwise mechanism
would begin with rotation of a single peptide bond, leading to
12 possible cis—trans configurations. As folding proceeds, the
number of possible configurational intermediates increases
through a maximum of 924—all having six cis and six trans
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peptide bonds, and then collapses again through fewer isomers
to the new PPII helix. At minimum there are 479,001,600 (i.e.,
12!) direct pathways between the PPI and PPII helices.

The preferred mechanism is determined by the energetics of
intermediates and the barriers between them. Here, we present
the first detailed thermodynamic measurements for peptide
folding through observed intermediates. Kinetics and thermo-
dynamic studies of helix formation provide a step-by-step
understanding of the exquisite interplay between enthalpic
and entropic forces and the role of solvent in guiding these
transformations.

Experimental
Prol3 Peptide Synthesis

The Prol3 peptide was synthesized on a modified Applied
Biosystems 430A synthesizer (Applied Biosystems, Foster
City, CA, USA) by following a standard Boc solid-phase
peptide synthesis protocol [36], as described previously [14].

Instrumentation

Ton mobility (IM) theory [19, 37-40] and instrumentation [11,
41-43] have been described elsewhere, and only a brief de-
scription is provided here. The instrument is comprised of a
standard electrospray source, a ~1.8-m drift tube, and an or-
thogonal time-of-flight mass analyzer. A TriVersa NanoMate
autosampler (Advion, Ithaca, NY, USA) was used to
electrospray the sample into the ionization source, where ions
were accumulated in an hourglass-shaped ion funnel [44] and
periodically injected into the drift tube with a 150 ps wide
pulse. The drift tube was filled with ~3 Torr of He buffer gas
and maintained at a uniform electric field of ~10 V-cm . Tons
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Hypothetical energy surface showing the number of possible cis—trans isomers (N) for Pro13. At each extreme, a single

structural type is favored—the all-cis PPI form in propanol (left), or the all-srans PPII form in water (right). As the transition proceeds,
the number of possible isomers increases and then decreases as folding continues. Experimental measurements of AG, AH, and AS
provide insight about the details of why folding from one state to another occurs. The red lines show hypothetical pathways through

preferred intermediates
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were separated according to differences in their overall
sizes and charge states while traveling down the drift
tube. Upon exiting the drift tube, ions were extracted
into the time-of-flight mass analyzer and subsequently
detected. The data were collected in a nested fashion,
as described previously [45].

Freeze Drying Conformations from Solution
by Electrospray lonization

A number of recent studies show that electrospray ionization
(ESI) can produce species that retain elements of structures that
are present in solution [14, 20, 21, 46—48]. Key to the present
studies is that populations of cis—trans peptide configurations
can be resolved as gaseous ions. The present study utilizes a
home-built ESI source. Ions are dried as they transit a moderate
pressure difference at room temperature. External electric fields
are maintained such that heating of ions is minimized. The
source capillary is not heated. Under these conditions, it is
possible to retain information about populations of solution
structures in these ESI ion populations that are produced. For
additional insight, see Figure 2.

Determining Experimental Collision Cross Sections

The experimental collision cross sections can be obtained using
Equation 1 [37],

Q =

(187)'?  ze {1 I}I/ZIDE%O T 1(1)

16 (ka)1/2 m1+mB L P 2732N
where ze is the ion’s charge, 4, is Boltzmann’s constant, and 7'
is the temperature of the buffer gas; m; and mg refer to the
masses of the ion and the buffer gas, respectively, and #p is the
experimental drift time of the ion. E, L, P, and N correspond to
the applied electric field, the length of the drift region, the
buffer gas pressure, and the neutral number density of the
buffer gas at STP, respectively.

Kinetics Experiment

For the PPI—PPII transition, Prol3 peptides were initially
dissolved in pure 1-propanol at a concentration of 160 pM
and incubated at 37°C for at least 72 h to ensure that all
peptides were in the PPI configuration. The PPI—PPII transi-
tion was initiated by diluting the solution with water and acetic
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Figure 2. Cross section distributions for [Pro13 + 2H]?* with time, showing the transition from PPI-PPIl in 10:88:2 1-
propanol:H,O:HOAc (v:v:v) (left) and PPII-PPI in 97:1:2 1-propanol:H,O:HOAc (v:v:v) (right) at 23°C. The regions of conformers
are shown as different colors: A(black), B(red), C(blue), D(magenta), E(green), F(orange), G(violet), and H(olive). Initial distributions,
obtained by electrospraying 98:2 1-propanol:HOAc and H,0, respectively, are shown at the bottom of each panel. The inset (red)
shows a blow up of low-abundance species present at equilibrium. Dashed lines delineate the cross section region for each
conformer. The asterisk * indicates that the PPII-PPI conformer has the same cross section as found in the PPI-PPII direction, but

may not have an identical structure. See text for details



acid (HOAc) to reach a solution composition of 10:88:2 (v:v:v)
1-propanol:H,O:HOAc with a final Prol3 concentration of 16
puM. A solution of 16 pM Prol3 in 98:2 (v:v) 1-
propanol:HOAc was also prepared for determining the initial
solution population [14]. Acid was required here in order to
maintain stable electrospray.

For the PPII—PPI transition, Prol3 peptides were initially
dissolved in pure water at 160 uM concentration and incubated
at 37°C for at least 72 h to ensure that all peptides were in the
PPII configuration. The PPII—PPI transition was initiated by
diluting the solution with 1-propanol and HOAc to reach a
solution composition of 97:2:1 (v:v:v) 1-propanol:HOAc:H,O
with a final Pro13 concentration at 16 pM. A solution of 16 uM
Pro13 in H,O was also prepared to determine the initial solu-
tion population for the reverse transition.

For both directions, the kinetics measurements were per-
formed at five different temperatures (5, 15, 23, 35, and 45°C).
Accordingly, the solution was incubated in a water bath at an
appropriate temperature prior to and after the initiation of the
transition until the end of the experiment. Aliquots of the
solution were taken out at various transition times and placed
into a sample tray maintained at 4°C for immediate analysis.
The transition was done in quadruplicate at each temperature.

Kinetic Fitting of Conformer Abundance Profiles

The abundance of each conformer at each time point was
characterized using OriginPro 9.0.0 software (OriginLab Cor-
poration, Northampton, MA, USA). Individual peak areas were
obtained using the Peak Analyzer function, and the relative
abundance of each conformer was determined by dividing by
the total peak area at that time point. Kinetic fitting of the
relative abundance curves was accomplished using the Nonlin-
ear Curve Fit tool by employing user-defined functions on the
basis of first-order reaction rate laws. These mathematical
functions were created to describe a series of possible routes
for the transition and were generated using Maple 17.01 soft-
ware (Waterloo Maple Inc., Waterloo, Canada). The abun-
dances of the conformers in 98:2 (v:v) l-propanol:HOAc
(PPI—PPII transition) or H,O (PPII—PPI transition) i.e., be-
fore initiation of the transition, were used as the initial and
boundary condition during the fitting. For each fitting, the
maximum number of iterations was 5 x 10°, and the tolerance
was 1 x 1071,

Determination of Arrhenius Activation Parameters

The dependence of the rate constant (k) on the absolute tem-
perature (7) is given by the Arrhenius equation (Equation 2),
-E, 1

In (k) = —*—+1n (4) 2)

where E, is the activation barrier, 4 is the pre-exponential
factor, and R is the universal gas constant. Using transition
state theory, the enthalpy of activation (4H*, Equation 3), the
entropy of activation (4S*, Equation 4), and the Gibbs free
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energy of activation (4G”, Equation 5) were obtained for each
transition step in the proposed mechanisms shown in Figure 3:

AH? = E, + RT (3)
kpT st

A =SB A (4)

AG? = AH?-TAS? (5)

where kp is Boltzmann’s constant, 7 is the temperature at
which the measurements were performed (in Kelvin), % is
Planck’s constant, and R is the gas constant. AS* represents
the difference between the entropy of each reactant or
intermediate and its subsequent transition state; a negative
value indicates that the system becomes more ordered at
the transition state, and indicates the presence of an entro-
pic barrier.

Equilibrium Experiments

Based on the kinetics experiments at various temperatures, the
PPI—PPII and PPII—-PPI transitions were assumed to have
reached equilibrium 24 h and 150 h, respectively, after the
initiation of the transition. The abundance of each conformer
at equilibrium was calculated by integrating the CCS region
using OriginPro 9.0.0 software. An equilibrium constant (K,,)
was calculated for each conformer at each temperature by
ratioing its abundance to that of the initial conformer in the
transition (conformer A for the PPI—PPII transition, and con-
former F for the PPII—PP] transition). By fitting In(K.,) versus
1/T, the enthalpy (4H) and entropy (4S) changes were deter-
mined using the Van’t Hoff equation (Equation 6),

—AH 1 A4S
n(Ky) = = 422
AG = AH-TAS (7)

where T and R correspond to the temperature (in K) and
the universal gas constant, respectively. The change in the
Gibbs free energy (4G) can further be calculated using
Equation 7. Equilibrium experiments were done in triplicate
for each transition direction and at each of the nine tem-
peratures: 15, 23, 30, 32.5, 35, 37.5, 40, 42.5, and 45°C.
The solution was incubated in a water bath to maintain the
desired temperature until the end of the experiment.

Molecular Modeling

Molecular dynamics (MD) simulations were performed
on Prol3 [M + 2H]*" ions on Linux workstations using
Insight 1T 2005 (Accelrys Inc., San Diego, CA, USA).
The MD methods have been described in detail in pre-
vious work [14, 15]; here, only a brief review is provid-
ed. Initial geometries of the [Prol3 + 2H]*" ions with
various distributions of cis/trans peptide bonds were
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Figure 3. Kinetic and thermodynamic parameters for the PPI-PPII (left side) and PPII-PPI (right side) transitions. Top: relative
abundance of different conformers as a function of transition time at 23°C. The best mechanism used to fit the data together with the
obtained rate constant values are also shown. Middle: Arrhenius plots of the rate constants at 5, 15, 23, 35, and 45°C. The calculated
Arrhenius activation parameters are used to derive transition state thermochemistry; only six transition steps for the PPII-PPI
transition are shown here, and the other six steps are provided in Supporting Information (Supplementary Figure S33). Bottom: Van't
Hoff plot of the equilibrium constants over a temperature range of 15-45°C. The number shown in parenthesis indicates standard
deviation, and color coding for each conformer is the same as in Figure 2

generated. The locations of the protons were assumed to
be at the N-terminus and the nitrogen atom of the sixth
proline residue [14, 15]. The preparation for simulation
was performed in the Discover 3 module equipped with
the extensible systematic force field (ESFF). Then MD
simulations were carried out at 300 K for a minimum of
0.25 ns (up to 2.0 ns) using ESFF and a dielectric
constant of 1.0. For the obtained lowest-energy

conformations, the cross section values were calculated
using the trajectory method in MOBCAL (Indiana Uni-
versity, Bloomington, IN, USA) [19] and were compared
with the experimental values to determine the candidate
Prol3 intermediate conformations in solution. The geom-
etry chosen as the representative has calculated cross
section within £2.0% of the experimental value and the
smallest difference from the experimental value. The



representative structure should also agree with the tran-
sition pathway determined from the experimental
analysis.

Results and Discussion

Precursor PPI or PPII helices were created by incubation in
either propanol or water, respectively. As the system evolves to
equilibrium upon immersion in the new solvent, the ensemble
of solution intermediates is monitored by measuring the ion
mobility distributions of the dried [Prol3 + 2H]*" species over
time [12, 49]. As the same solution is sampled at each time
point in this experiment, changes in the distribution of gas-
phase conformers are due to changes in the originating solution
population. Figure 2 shows examples of the distributions at
different time points. Immediately after PP is transferred to the
aqueous environment, two peaks are observed: a large peak, at
a cross section of Q = 323 A%; and, a smaller one, at Q = 312
A?. In contrast, upon immersing the aqueous PPII helix into
propanol, the distribution is dominated by the sharp peak at Q =
288 A% Comparisons of measured cross sections with calcu-
lated values for candidate geometries generated by molecular
modeling simulations allow us to assign the Q =323 A? peak to
the PPI helix (conformer A), and ions with Q = 288 A to the
PPII helix (conformer F) [14]. Based on prior molecular dy-
namic (MD) simulations of PPI and PPII, the two protons were
assumed to be located on the N-terminus and the nitrogen atom
of the sixth residue [14, 15] (see below for detailed discussion).
Over time, the precursors evolve into new structures. Within ~1
h, the PPI precursor all but vanishes; the PPII peak decays more
slowly. The distributions for each solvent system are very
different over time—an indication that the mechanism for
PPI—-PPII folding in water is not the same as that for
PPII—PPI folding in 1-propanol. Eight structural types are
resolved: peaks A and F, as well as six peaks corresponding
to intermediates B through E, G, and H (see Supporting
Information). At long times (>160 min after initiating the
transition from PPI, and >2100 min for PPII), each system
equilibrates, and no further changes are detectable.

We note that conformers with the same experimental CCS
values were found for both the PPI—-PPII and PPII—PPI
transitions. Therefore, the solution-phase intermediate confor-
mations proposed for the PPI—PPII transition according to
prior MD simulations [10] are considered to represent the
intermediate states observed for the reverse PPII—PPI transi-
tion. However, as we have not modeled all of the possible cis/
trans combinations [14], we cannot rule out the possibility that
different solution populations may generate dehydrated struc-
tures that have similar CCS values. Likewise, the initial pro-
tonation site on the nitrogen atom of the sixth residue may be
mobile, and migration of the proton may also lead to different
solution populations that have similar CCS values. As a result,
we have designated the conformers in the PPII—PPI transition
with an asterisk *.
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Analysis of the data in Figure 2 provides insight into folding
mechanisms. Figure 3 shows the integrated peak areas for the
distributions shown in Figure 2, as well as data recorded for
other times. Putative mechanisms are tested by fitting sets of
differential rate equations to the experimental kinetics and
assessing the agreement between fits for different assumed
mechanisms and measurements. For PPI—-PPII, the initial
steps occur sequentially: PPI(A)—»B—C—...(as shown in
Figure 3). Among all the candidate transition pathways that
we explored for the PPI—-PPII transition, the transition mech-
anism selected in this study (Figure 3, top left) clearly shows
the best fit to our experimental data [14]. Using the abundance
profile obtained at 45°C, we compared the proposed transition
route (Figure S8) with an additional 12 different fitting models
that do not generate good fits for the experimental data
(Figures S9 to S20). The residual sum of squares for each of
the explored mechanisms is shown in Table S7.

Additional information about the transition mechanism of
the PPI—PPII transition comes from molecular modeling stud-
ies [14]. Cross section calculations for model structures indi-
cate that the first two intermediates (B and C) in the PPI—PPII
transition arise from sequential cis—#rans conversion from the
N-terminus of the peptide [14]. The N-terminal backbone
carbonyl groups, which are in close proximity to the protonated
N-terminus of the ideal PPI structure, are accessible to water;
thus, the PPI—PPII transition initiates from this side. Flipping
of the first two peptide bonds yields intermediate B, and
flipping of the third yields intermediate C [14]. Based on
solvent accessibility, it might be expected that the PPI—PPII
transformation proceeds to completion by sequentially
unravelling additional adjacent residues from the N-terminal
side. But, this is not the case. After flipping the first three
bonds, a cis—trans rotation near the center of the peptide is
observed [14].

For the PPII—PPI transition induced by dilution of PPII into
1-propanol, the kinetics cannot be accurately represented by a
sequential mechanism. Instead, the mechanism that most close-
ly represents the data (Figure 3, top right) involves a parallel
process early in the transition; divergent pathways then con-
verge to the common intermediate, C*, to produce the final PPI
helix. A number of candidate transition pathways have very
similar fittings (Figures S21 to S26) to our proposed mecha-
nism for the PPII—-PPI transition (Figure 3, top right). How-
ever, all of these transition mechanisms involve a partially
parallel transition pathway. Using the residual sum of squares,
we investigated six candidate models that generate good fits for
the experimental data points (Figures S21 to S26) and six
transition routes (Figures S27 to S32) that do not. Values for
the residual sum of squares for each of these fitting models are
tabulated in Table S8, and the proposed mechanism has the
smallest sum of the residual sum of squares.

The complexity of how these transformations occur begs the
question: Why do they occur? To address this, we investigated
the thermodynamics of folding. Insight about transition state
barriers is obtained from temperature-dependent kinetics stud-
ies, from 5 to 45°C (see Supporting Information). Arrhenius
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plots (Figure 3) yield pre-exponential factors and activation
energies that can be converted into transition state free energies
(AG*), enthalpies (AH*), and entropies (AS¥) (see Experimen-
tal, and Tables S2, S3).

The exceptional dynamic range of mass spectrometry-based
techniques allows us to monitor equilibria and generate Van’t
Hofft plots (Figure 3), even for species that differ in abundance
by factors of >10°. From these, we determine AG, AH, and AS
for each intermediate relative to the initial state.

As is seen in the left panel of Figure 2 and Figure S34, the
CCS of conformer A observed in the equilibrium distribution
(318 A?) of the PPI—PPII transition is slightly smaller than the
one found in the initial distribution (322 A?). A shoulder
corresponding to this more compact gas-phase conformer is
also present on the peak of conformer A in the initial stages of

the transition (Figure 2). Using MD simulations, we were
unable to identify a likely solution conformation that would
generate this gas-phase conformer, designated A'. As our equi-
librium calculations involve A’, not A, this may cause some
deviations in the absolute values of 4H, A4S, and AG for the
intermediate states in the PPI—-PPII transition. However, the
trends observed with AH and A4S should not be affected by the
presence of a different starting geometry.

The sequential PPI—PPII and parallel PPII—PPI pathways
determined from the kinetics analyses are combined with the
thermodynamic evaluations to create the energy landscapes
shown in Figure 4. The sequential PPI—PPII hydration transi-
tion is exoergic (AGppy_ppy =—18 = 13 kJ 'molfl), with similar
transition state barriers ranging from AG*s_,5 = 87 + 3 to
AG s i = 96 + 9 kI'mol ™! (Table S3) for individual steps.
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Figure 4. Experimental energy diagrams showing AG, AH, and AS for proposed pathways and intermediates (top: change in Gibbs
free energy; middle: change in enthalpy; bottom: change in entropy) shown as a function of transition coordinate for the PPI-PPII
transition (left) and the PPII-PPI transition (right, read from right to left). Color coding for each conformer is the same as in Figure 2,
and the asterisk * indicates the uncertainty in the conformer assignments. Lower panel: structures for PPI, PPIl, and proposed
structures for intermediates found in the PPI-PPII transitions, as determined through MD simulations [14]. The cis residues are
shown as yellow ribbons, and the frans residues are shown as purple ribbons



The enthalpy and entropy diagrams provide a more detailed
understanding of why the PPI—PPII transition occurs. From
the AH plot, we learn that while the overall process is endo-
thermic, the first step is exothermic (AHA_,g = —22 £ 12
kJ'mol "), proceeding over a barrier of AH¥,_,5 = 71 + 2
kJ-mol . Interaction of exposed carbonyl groups in intermedi-
ate B with water molecules is energetically favorable; however,
this imposes an entropic penalty of AS¥_,5 =—57 + 6 J-mol”
LK at the transition state and ASx_,5 =—81 + 39 J'mol ""K "
for formation of the B intermediate. That is, in order to form the
more stable intermediate B, the system must become more
ordered. The same is true for the B—C transition.

The endothermicity of the next step (AHc_.p = 38 + 16
kJ-mol ™) is surprising and is key to understanding the mech-
anism. Why would the system choose a cis—#rans rotation
near the center of the peptide instead of flipping the next
adjacent cis—trans peptide bond? AS is the clue! It appears
that the order that is imposed upon cis—trans conversion of the
next adjacent, (fourth) peptide bond is beyond what can be
accommodated energetically (i.e., AH). Therefore, the system
abandons this mechanism and instead rotates near the peptide
center. Such a motion sweeps through a substantial volume of
the surrounding solvent, inducing a large loss of order (ASc_.p
= 151 + 50 J'mol "*K") and providing the impetus
(—Tr98ASc_.p =45+ 14 kJmol’l) to continue folding. Ex-
amination of late steps shows that they are thermoneutral (e.g.,
AHp_ = 4 + 13 kI'mol ™", see Table S5 for other values).
Concurrently, the overall entropy increases slightly (ASp_ppy
=61+ 48 J'mol K ') as intermediate D folds to the final PPII
helix.

These data also explain why the PPII—PPI transition uti-
lizes a parallel multi-pathway mechanism. This transformation
is highly endothermic, AHppy_pp; =56 £ 10 kJ ‘mol . No early
steps are favorable. The PPII(F) precursor encounters large
barriers (AG*r_p = 104 + 7 kI'mol™!, AG*r_ = 103 + 4
kJmol ™!, AG*_g = 100 £ 4 kI'mol ™', AG¥:_;; = 106 + 8
kJ-mol ") regardless of the choice of path. Dehydration of PPII
in 1-propanol destabilizes all of the early intermediates and
transition states, such that all initial steps are endothermic. With
no good option, the PPII population splits along multiple high-
energy routes using an increase in system entropy to find the
late intermediate C*. That is, key to forming PPI helix is a
large-scale search for intermediate C*. The decreased popula-
tion of intermediates between F and C* indicate that these
steps, although slower, occur more cooperatively than in the
reverse step-by-step PPI—PPII transition. That local environ-
ment leads to such mechanistic disparity illustrates the impor-
tance of experimental measurements in characterizing folding
landscapes.

Conclusions

The remarkable solution dependence of the PPI and PPII
helices of polyproline has attracted considerable attention for
more than 50 years. Although early studies suggested the
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presence of cis/trans isomers for such oligomers, few options
for characterizing such species or following how these systems
evolve from one form into another existed. The IM-MS studies
presented here allow us to follow folding pathways in remark-
able detail, and the thermodynamic measurements for specific
transition states and intermediates provide new insight into
underlying mechanisms of peptide folding. Early PPI—-PPII
intermediates are energetically favorable because of hydration
of the peptide backbone. Late intermediates are enthalpically
unfavorable; however, key peptide bonds continue flipping
because of a stepwise increase in system entropy upon forma-
tion of each successive structure. The reverse PPII—PPI tran-
sition, induced when hydrated-PPII is immersed in 1-propanol,
proceeds by an entirely different mechanism. Although the free
energy change for individual steps as well as the overall change
for the reverse PPII—-PPI process is similar to values deter-
mined for the forward PPI—PPII transition, we see immedi-
ately that the underlying thermodynamic factors that drive the
reaction are different. Essentially, all of the intermediates and
transition states are destabilized as the system folds in reverse
as propanol replaces water. With no energetically favorable
first steps, the PPII—PPI dehydration transition becomes en-
tropically driven. In recent years, these transitions have been
investigated theoretically [S0-53]. It will be interesting to see if
theoretical calculations can capture the fundamental essence of
the folding differences of these systems in different solvents.
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