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Abstract. We report ion mobility spectrometry
and mass spectrometry studies of the non-
enzymatic step-by-step degradation of substance
P (subP), an 11-residue neuropeptide, with the
sequence Arg1-Pro2-Lys3-Pro4-Gln5-Gln6-Phe7-
Phe8-Gly9-Leu10-Met11-NH2, in ethanol. At ele-
vated solution temperatures (55 to 75 °C), several
reactions are observed, including a protonation
event, i.e., [subP+2H]2+ + H+→ [subP+3H]3+, that
appears to be regulated by a configurational

change and two sequential bond cleavages (the Pro2-Lys3 peptide bond is cleaved to form the smaller
nonapeptide Lys3-Met11-NH2 [subP(3–11)], and subsequently, subP(3–11) is cleaved at the Pro4-Gln5 peptide bond
to yield the heptapeptideGln5-Met11-NH2 [subP(5–11)]). Each of the product peptides [subP(3–11) and subP(5–11)] is
accompanied by a complementary diketopiperazine (DKP): cyclo-Arg1-Pro2 (cRP) for the first cleavage, and
cyclo-Lys3-Pro4 (cKP) for the second. Insight about the mechanism of degradation is obtained by comparing
kinetics calculations of trial model mechanisms with experimental data. The best model of our experimental data
indicates that the initial cleavage of subP is regulated by a conformational change, likely a trans→cis isomeriza-
tion of the Arg1-Pro2 peptide bond. The subP(3–11) product has a long lifetime (t1/2 ~ 30 h at 55 °C) and appears to
transition through several structural intermediates prior to dissociation, suggesting that subP(3–11) is initially
formed with a Lys3-trans-Pro4 peptide bond configuration and that slow trans→cis isomerization regulates the
second bond cleavage event as well. From these data and our model mechanisms, we obtain transition state
thermochemistry ranging from ΔH‡ = 41 to 85 kJ mol−1 and ΔS‡ = − 43 to – 157 J mol−1 K−1 for each step in the
reaction.
Keywords: Ion mobility spectrometry-mass spectrometry, Peptide conformation, Dissociation kinetics, Proline
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Introduction

Substance P (subP), an undecapeptide with the sequence
Arg1-Pro2-Lys3-Pro4-Gln5-Gln6-Phe7-Phe8-Gly9-Leu10-

Met11-NH2, was discovered in 1931 by Euler and Gaddum [1]
and was among the first known neurotransmitters. This neuro-
peptide is found throughout the nervous system as well as in
the smooth-muscle tissue of the gastrointestinal tract [2]. It is a

member of the tachykinin [3] family of molecules that are
associated with many functions, including stimulation of
smooth-muscle tissue, inflammation, pain, and regulation of
blood pressure. Early studies of subP noted its instability, even
when stored at low temperatures [4, 5]. A number of processes
may be responsible for the loss of function. At mM concentra-
tions, subP can form oligomers that are associated through
hydrophobic residues near the C terminus [6, 7]. SubP is
susceptible to methionine oxidation, which decreases biologi-
cal activity [8]. Additionally, when stored for long times, subPCorrespondence to: David Clemmer; e-mail: clemmer@indiana.edu
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degrades to form cyclic diketopiperazine (DKP) forms of the
dipeptides Arg1-Pro2 and Lys3-Pro4 [9].

Here, we use a combination of ion mobility spectrometry
(IMS) with mass spectrometry (MS) to examine key steps
associated with the spontaneous dissociation of subP in heated
ethanol solutions. Recently, this approachwas used to study the
degradation of the nonapeptide bradykinin [10]. When heated,
in the absence of enzymes, bradykinin undergoes a spontane-
ous and highly-specific bond cleavage to produce the cyclo-
Arg1-Pro2 DKP product. Upon monitoring the abundances of
species that are resolved in the IMS-MS spectrum over time,
we found evidence for at least five resolvable steps for this
reaction, including a slow configurationally-coupled proton-
ation. A similar protonation reaction was observed previously
in the isomerization of polyproline-7 [11]. In 1-propanol,
polyproline-7 favors a singly-protonated polyproline-I helix,
in which all of the peptide bonds are in the cis configuration.
Upon dissolution into water the polyproline-I structure un-
dergoes a cooperative cis→trans isomerization of all of the
Pro-Pro peptide bonds, forming a doubly-protonated
polyproline-II helix [11]. Although dissociation was not ob-
served, this study reveals how the conformations of proline
peptide bonds regulate protonation.

Below, we show that subP undergoes sequential bond cleav-
ages, producing both cyclo-Arg1-Pro2 (cRP) and cyclo-Lys3-
Pro4 (cKP) in the form of DKPs. Similar to bradykinin [10], the
first cleavage is preceded by a configurationally coupled pro-
tonation event. While the second cleavage involves only one
charge state, a long induction period prior to cleavage is ob-
served. Comparisons of kinetics profiles for possible trial
models with experimentally measured kinetics suggest the
presence of several intermediates prior to cleavage to form
cKP. Thermochemistry is derived for barriers associated with
specific transition states. The overall free energy barriers for
different steps associated with configurational changes and
dissociation are similar; however, there is substantial variation
associated with enthalpic and entropic contributions for differ-
ent steps.

Spontaneous formation of DKP is not limited to subP and
bradykinin [10]. Recombinant human growth hormone un-
dergoes a similar reaction in the absence of enzymes [12].
DKP is observed as a side product in laboratory peptide syn-
thesis and necessitates that certain precautions are taken to
minimize its formation [13–16]. Studies on dipeptides and
tripeptides have noted the tendency for these short sequences
to cyclize to form DKPs, and often these transformations lead
to sequence inversions [17–19]. Capasso et al. investigated
DKP formation from the Ala1-Pro2-NH2 dipeptide and pro-
posed a mechanism that involves an attack by the nucleophilic
N-terminal amine on the electrophilic carbonyl carbon of the
second residue, ultimately forming the DKP product [20]. This
mechanism requires a cis-configured peptide bond between the
first and second residues (e.g., Xxx1-cis-Xxx2, where Xxx is
any amino acid)—the same configuration that we assigned to a
critical intermediate for cleavage of the peptide bond of brady-
kinin [10]. Capasso also found that cyclization of an Ala1-Pro2-

NH2 dipeptide has a significant pH dependence under more
basic conditions, but was pH-independent in acidic conditions
[20]. These results appear to be sequence dependent, as analy-
sis of His1-Pro2-NH2 cyclization produces a more bell-shaped
pH dependence profile [21]. In loss of cRP from bradykinin,
there was no evidence that the concentration of acetic acid
influenced the rate of dissociation [10].

Each of the aforementioned peptides shares a common
sequence motif—a penultimate proline. Because of the unique
nature of the pyrrolidine ring of proline, a cis-configured pep-
tide bond is uniquely accessible for proline residues, compared
with any other naturally occurring amino acids, which favor
trans-configurations [22–25]. The presence of this amino acid
residue in a polypeptide chain often introduces interesting
structural features [26–31], and interconversion of cis- and
trans-configurations is a rate-limiting step in folding [32–34].
In the work presented below, the presence of multiple prolines
in subP makes it possible to explore the step-by-step configu-
rational changes that are associated with peptide
processing—in this case, providing a rare glimpse into the
sequence of motions prior to bond cleavage.

Experimental
Peptide Synthesis and Sample Preparation

The peptide subP (≥ 95% purity) was obtained from Sigma
Aldrich (St. Louis, MO, U.S.A.). The truncated subP(3–11)
peptide, and several subP analogues involving a range of
Pro→Ala substitutions, were synthesized in house, using stan-
dard FMOC solid-phase peptide synthesis carried out on an
Applied Biosystems 433A Peptide Synthesizer (Applied
Biosystems, Foster City, CA) [35]. Each purified peptide was
dissolved into pure ethanol solutions to concentrations of
500 μM and stored at − 22 °C. To initiate the degradation
process, these samples were diluted to 50 μM into solutions of
ethanol and 0.5% acetic acid (by volume) and immediately
incubated at specified temperatures (from 55 to 75 °C) using
a water bath.

IMS-MS Measurements

The theory of IMS-MS [36–39] and instrument operation [40–
42] have been described. Aliquots of the incubating samples
were taken at regular intervals, cooled to room temperature,
and quickly analyzed using a home-built IMS-MS instrument
[43]. Ions were produced using a Nanomate (Advion, Ithica,
NY) autosampler and nanospray ionization source that pro-
duces reproducible ion signals for IMS-MS analysis. Once
formed, ions are accumulated in an ion funnel before being
released as narrow packets into a 2-m drift tube filled with ~
3.0 Torr He buffer gas. Ions traverse the drift tube region under
the influence of a uniform electric field (~ 10 V·cm−1) where
species of different sizes and shapes are separated by collisions
with the He buffer gas. These mobility-separated ions exit the
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drift tube into a time-of-flight (TOF) mass spectrometer for
mass-to-charge analysis [44].

Determination of Experimental Collision Cross
Sections

Drift times are related to an ion’s average collision cross section
(Ω) by the following equation: [36]

Ω ¼ 18πð Þ1=2
16
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kbTð Þ1=2
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Equation 1 includes terms for ion charge (z), elementary
charge (e), the masses of the ion (mI) and buffer gas (mB),
Boltzmann’s constant (kb), temperature in Kelvin (T), and the
neutral number density of the buffer gas (N) at standard tem-
perature and pressure. The experimentally controlled parame-
ters are the electric field (E), the length of drift tube (L), and the
buffer gas pressure (P).

Normalization of MS Peak Areas in Order
to Determine Relative Solution Abundances

The experiments described below were carried out over a
period of 2 years using several instruments. During this time,
we noticed that the ionization efficiency and detector responses
for different ions can vary from instrument to instrument as
well as between types of molecules (e.g., DKP compared with
the larger peptides). To account for differences in peak inten-
sities for species having the same solution concentration but
different response factors we normalized the MS intensities
(from kinetics studies) using values measured for a solution
that was prepared such that every species observed in these
experiments was at the same initial concentration. These stud-
ies revealed that efficiency of ionizing and detecting cRP and
cKP was low, relative to the larger peptides, as can be observed
in the mass spectra presented below. For the kinetics plots
shown below, in order to estimate the solution abundances of
the different species that are present, we multiply the [subP(3–
11) + 2H]2+, [cRP +H]+, and [cKP +H]+ ion signals by mea-
sured response factors of 1.4, 12, and 140, respectively.

Methods for Investigating Proline Configurations

Pierson et al. [45] assigned differences in peptide conforma-
tions arising from different cis- and trans-configurations of the
three prolines found in the nonapeptide bradykinin on the basis
that an alanine residue substituted for a proline restricts the
peptide bond (on the N-terminal side of the residue) to the trans
form [22, 24, 25]. While any change in amino acid sequence
could introduce other changes in conformation, creation of
sequence analogues for testing proline configurations appears
in most cases to be a valuable approach, and we use this
method here. Below, we examine three substituted sequences:
RAKPQQFFGLM-NH2 [subP(P2A)], RPKAQQFFGLM-
NH2 [ s ubP (P4A) ] , a nd RAKAQQFFGLM-NH2

[subP(P2,4A)]. After accounting for differences in the intrinsic
sizes of the proline and alanine [46], the cross section distribu-
tions of these peptides are compared to unmodified subP to
assign the proline configurations. In addition to comparison of
cross sections between the natural sequence and the Ala-
substituted analogues, we incubated each analogue (at 75 °C
for 24 h.) to examine their reactivity. This provides an addi-
tional test of how the backbone configuration influences bond
cleavage.

Effects of Acetic Acid and Peptide Concentration

Acetic acid (0.5% by volume) was added to ethanol because it
aids ionization—increasing our sensitivity to various reactants
and products while suppressing adduction of salts. Unlike
similar systems, some amount of acetic acid appears to be
necessary for the reaction to proceed, though we found that at
0.5% and higher concentrations (by volume) the rate is not
affected [10, 11]. Similarly, studies were carried out over a
range of subP precursor concentrations.Measurements over the
10 to 50 μM range of concentrations showed no discernable
differences in the final distribution of products.

Methods for Obtaining Insight about Reaction
Mechanisms

Insight about pathways associated with structural changes and
bond cleavages can be obtained by comparing experimental
data with calculated kinetics for differential rate equations
corresponding to models of trial reaction pathways [10, 47–
49]. The differential rate expressions establish the relationship
of each step of the mechanism and the rate constants derived
from optimized fits are a measure of the reaction kinetics for
each step. While this approach does not unambiguously estab-
lish a single pathway, it is valuable for ruling out many mech-
anisms and in most cases, those trial models that accurately
represent the pathway tend to be closely related. To compare
the goodness of fit between the kinetics calculated for each
modeled pathway and the experimental data, the sum of resid-
ual sum of squares (ΣRSS) associated with the differences
between the calculated and experimental data for each pathway
are calculated, with the lowest ΣRSS representing the best-fit
reaction mechanism.

An interesting feature of some experimental datasets is the
observation of an induction period prior to product formation,
giving rise to a kinetics profile that deviates from expected first-
order reaction kinetics for unimolecular transitions [50]. The
presence of such an induction period is an indication of unre-
solved (or unobservable) intermediate states along the dissoci-
ation pathway. We have previously discussed that it is possible
to develop models that constrain the number of possible unob-
served intermediate states [49]. The modeled abundances of
these intermediates are summed at each point in time to pro-
duce the observed abundance profile, and are critical for cap-
turing the shape of an induction period in the experimental
data. One expects that there may be many different solutions
(different combinations of intermediate states, mechanisms,
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and rate constants) that would capture the shapes associated
with induction periods observed in the experimental kinetics
data. However, we have investigated how much one can vary
such parameters and find that in general the best fits appear to
be those in which rate constants associated with transitions
between multiple intermediate states are equal to each other
[10, 49]. Since we lack direct information about the states that
give rise to the induction periods observed here, this is also the
simplest interpretation of these data.

Methods for Determining Transition State
Thermochemistry

The rate constants determined from the optimized kinetics fits
to data obtained over a range of temperatures are used to derive
thermochemistry for each transition state that is described in

our best-fit model of the data. The present studies were per-
formed at five temperatures [55, 60, 65, 70, and 75 (all ±1 °C)]
and replicated in triplicate measurements carried out on differ-
ent days with samples that were incubated independently.
Plotting the natural log of each average rate constant (k) as a
function of temperature (T) allows for construction of an Ar-
rhenius plot in the form of Eq. 2,

ln kð Þ ¼ −Ea

R

1

T
þ ln Að Þ ð2Þ

that can be used to obtain an activation energy (Ea) and pre-
exponential factor (A) for each step. From Ea and A we derive
enthalpy of activation (ΔH‡, Eq. 3), entropy of activation (ΔS‡,
Eq. 4), and Gibbs free energy of activation (ΔG‡, Eq. 5):

ΔH‡ ¼ Ea þ RT ð3Þ

Figure 1. (Left) Representative mass spectra of solutions containing subP at various incubation times in ethanol and 0.5% (by
volume) acetic acid at 55 °C. An apparently sequential dissociation is observed involving degradation of subP into subP(3–11) and
cRP, followed by dissociation of subP(3–11) into subP(5–11) and cKP. (Right) Cross section distributions of [subP+3H]3+, [subP+2H]2+,
and [subP(3–11) + 2H]2+ species at different timepoints throughout incubation of the solution at 55 °C. For [subP+3H]3+, two peaks are
observed, as defined in the text: conformer A at Ω = 305 Å2 conformer B at Ω = 354 Å2. As the abundance of [subP+3H]3+ ions
decrease relative to the other species, the relative abundance of A and B is nearly constant. The cross section distribution of
[subP+2H]2+ ions (dotted line) contains one peak at Ω = 302 Å2. A peak at Ω = 261 Å2 is observed in the [subP(3–11) + 2H]2+

distribution. No changes in cross section are observed for [subP+2H]2+ or [subP(3–11) + 2H]2+ ions, throughout the incubation

C. R. Conant et al.: Substance P in Solution: Trans-to-Cis Configurational Changes



A ¼ kbT

h
e
ΔS‡
R ð4Þ

ΔG‡ ¼ ΔH‡−TΔS‡ ð5Þ
where R is the gas constant, T is the temperature in solution, kb
is Boltzmann’s constant, and h is Planck’s constant.

Results and Discussion
Mass Spectra for subP Incubated in Ethanol
at 55 °C

Figure 1 shows representative mass spectra obtained upon
incubating subP in a solution of ethanol for 0, 150, 1110,
2880, and 4500 min. at 55 °C. At short incubation times two
peaks, at m/z = 674 and 450, corresponding to [subP+2H]2+

and [subP+3H]3+, respectively, are observed. The intensities of
these peaks are interesting. Initially, [subP+H]2+ comprises
~40% of the ion signal. At longer times the [subP+2H]2+ peak
decreases, becoming insignificant by ~ 150 min. The
[subP+3H]3+ intensity over this same time period changes only
slightly. In our replicate experiments, this peak sometimes

Figure 2. Normalized solution abundanceprofiles (obtained from
measured ion intensities as discussed in the text) of reactants,
intermediates, and products that appear throughout incubation of
subP in ethanol at 55 °C. The lines are shown only as visual aids

Figure 3. Cross section distributions of [subP+3H]3+ (left), [subP+2H]2+ (middle), and [subP(3–11) + 2H]2+ (right) and corresponding
ions of Pro→Ala analogues, for the purpose of assigning Xxx-Pro peptide bonds as cis or trans. For [subP(3–11) + 2H]2+, the top
spectrum (a) shows the cross section distribution of [subP(3–11)(P4A) + 2H]2+ ions corresponding to subP(3–11)(P4A) produced from
incubation of subP(P4A), the middle spectrum (b) shows the cross section distribution of [subP(3–11)(P4A) + 2H]2+ from the synthe-
sized subP(3–11)(P4A) peptide, and the bottom spectrum (c) shows the mobility profile of [subP(3–11) + 2H]2+ produced during
incubation of subP in ethanol at 55 °C after 150 min
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increases or decreases slightly, or stays the same. From our
experience with these types of systems, we interpret the com-
bined behaviors of [subP+2H]2+ and [subP+3H]3+ as an indi-
cation of a slow protonation reaction, i.e., [subP+2H]2+ +
H+→ [subP+3H]3+, as has been reported for polyproline-7 as
well as bradykinin [10, 11]. Below, we show that this interpre-
tation is consistent with the proposed reaction pathway. That
addition of the lightest and fastest chemical moiety (a proton) to
the peptide occurs so slowly, indicates that this reaction is
regulated by a motion in this system that is much slower. In
the case of bradykinin [10], we ascribed this regulation to a
trans→cis configurational change associated with the penulti-
mate proline residue; it is likely that an analogous conforma-
tional change also regulates the protonation reaction in subP.
At longer incubation times (e.g., 150 min in Figure 1), two new
peaks in the mass spectra can be observed atm/z = 548 and 254.
These peaks can be assigned to products associated with cleav-
age of the Pro2-Lys3 peptide bond (i.e., [subP(3–11) + 2H]2+ and
[cRP +H]+), analogous to the solution bond cleavage reported

for bradykinin [10]. At still longer incubation times, (e.g., ~
1110 min.), the original subP precursor peptide has completely
disappeared (within our detection limits) and only the [subP(3–
11) + 2H]2+ and [cRP +H]+ species are observed in the mass
spectrum.

The subP(3–11) product also contains a penultimate proline
residue. As the system continues to incubate, (e.g., 2880 min.)
a new peak is observed at m/z = 226. This peak corresponds to
[cKP +H]+ − the DKP product that forms by dissociation of
subP(3–11) at the Pro

4-Gln5 peptide bond. The anticipated com-
plementary fragment ion of this dissociation corresponding to
Gln5-Met11-NH2 [subP(5–11)] is absent from all of the mass
spectra. This is somewhat unsatisfying. It could be that once
formed, subP(5–11) rapidly disappears (due to aggregation or
rapid decomposition); or, perhaps more likely is that the loss of
the basic N-terminal amino acid Arg1 and Lys3 residues leads
to a peptide with no highly basic groups and thus ionizes
poorly. For the remainder of our analysis, we assume that the
subP(5–11) species is present in solution but not ionized

Scheme 1. Proposed dissociation pathway of subP. Initially, cleavage occurs at the Pro2-Lys3 bond by attack of the N-terminal
amine on the carbonyl carbon of Pro2. This reaction results in a cyclo-Arg1-Pro2 diketopiperazine and the complementary subP(3–11)

product. The newly formed subP(3–11) spontaneously cleaves the Pro4-Gln5 bond by the same mechanism to form cyclo-Lys3-Pro4

and subP(5–11)
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efficiently. By 4500 min, no evidence of subP(3–11) remains,
indicating that the cleavage reaction has reached completion.
At this (and longer times), cRP and cKP are the only observ-
able products.

We note that the delayed appearance of [cKP +H]+, and
absence of any Arg1-Pro2-Lys3-Pro4 product, cyclic or other-
wise, requires that the cleavages of the antecedent peptides to
produce cRP and cKP, occur sequentially. That is, the Pro4-
Gln5 bond is not cleaved until after the loss of the N-terminal
Arg1-Pro2 residues. This conclusion is consistent with the fact
that we observe no ions corresponding to an Arg-Pro-Lys-Pro
sequence, which would be observed if the tetrapeptide was
formed directly. Finally, these bond cleavages are remarkably
specific. Each of our proline-containing peptides react to

completion, with no evidence for any competing side products.
This indicates that the mechanism for bond cleavage is not
accessible to other peptide bonds along the polypeptide chain.
As discussed below, data for several Ala-substituted subP
analogues also show this specificity.

Ion Mobility Cross Section Distributions for subP
and Products

Figure 1 also shows cross section distributions recorded for subP
over the course of incubation. While the overall populations of
different ions change (in accordance with the mass spectra
shown above), in all cases, the relative populations of the peaks
in each cross section distribution are largely unchanged over the

Table 1. Modeled Reaction Mechanisms Compared with Experimental Kinetics Data of the Subp Dissociation Reaction

aList of assumed reaction pathways leading to sequential dissociation of subP. For each mechanism, we solve a system of differential rate equations and compare the
calculated kinetics for each model with the experimentally measured kinetics. The abundances of modeled intermediates (in) are summed with the species’ indicated
by red brackets to produce the calculated kinetics profiles
bThe quality of each fit is assessed from analysis of the residuals (i.e., by comparing each model’s calculated kinetics with the kinetics measured experimentally). See
text for details
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course of the experiment – as can be observed from inspection of
Figure 1. For example, in the [subP+3H]3+ distribution, the
peaks labeled A and B disappear at roughly the same rate.

Normalized Solution Abundances as a Function
of Incubation Time at 55 °C

A summary of the solution abundances (normalized by the
response factor, as described above) for each observed species
as a function of incubation time is shown in Figure 2. In the first
100 min, the abundance of [subP+2H]2+ rapidly disappears
while [subP+3H]3+ species is largely unchanged. The abun-
dances of the first bond cleavage products, subP(3–11) and cRP
begin to increase soon after experiments are initiated, reaching
a maximum abundance of ~ 60 to 70% of the total distribution
at ~ 600 min. While we anticipate that these two products
should track one another exactly, even after normalization,
the cRP abundance is somewhat lower than that for subP(3–
11). This is a reflection of the uncertainty in these abundance
measurements. At ~ 1000min, the cKP product is observed and
the abundance of cKP continues to increase until all of the
subP(3–11) has dissociated. As mentioned above, presumably,
the Gln5-Met11-NH2 product (which was not detected) has a
solution concentration that is comparable to that for cKP. A
visual comparison of the kinetics profiles associated with deg-
radation of both [subP+2H]2+ and [subP+3H]3+ shows that
these species are degraded more rapidly than subP(3–11). The
difference in these cleavage rates is likely associated with
variations in the residues adjacent to the relevant proline, i.e.,
Arg1-Pro2-Lys3 for subP and Lys3-Pro4-Gln5 for subP(3–11).

Analysis of Pro→Ala Analogues of subP
to Determine Peptide Bond Configurations

A summary of the cross section distributions recorded by ion
mobility measurements for the subP(P2A), subP(P4A), and
subP(P2,4A) analogues is shown in Figure 3. The [subP+3H]3+

ion shows two peaks that have been characterized previously.
The relatively broad peak atΩ = 305 Å2 corresponds to a set of
structures that emerge as the final water molecules evaporate
from the peptide [51]. These structures are collectively referred
to as solution structures - conformer A, as assigned previously.
A very small peak atΩ = 354 Å2 is also observed. This feature
is formed upon activation of the conformer A structures in the
gas phase; thus, it has been assigned as a gas-phase structure –
conformer B [51].

As we begin this analysis, we note that the differences in the
cross sections associated with the different substitutions
discussed below are very small. This suggests that most of the
population is likely due to trans-configured peptide bonds. With
this said, it is worthwhile to go through this analysis in detail.We
begin by assigning configurations associated with the
[subP+3H]3+ ion. Consider the cross section distribution for
the doubly substituted [subP(P2,4A) + 3H]3+ species, which
has only trans-configured peptide bonds. The cross section for
this ion falls near the center of the [subP+3H]3+ distribution.
Thus, the population of states near the center of the [subP+3H]3+

distribution is consistent with a population of trans-Pro2,trans-
Pro4 bonds. Further insight is obtained by examining the distri-
bution associated with the singly-substituted [subP(P2A) +
3H]3+ cross section distribution. This ion shows a peak at a
slightly higher cross sections, near the unresolved shoulder on

Figure 4. The left panel (a) depicts normalized abundances of subP charge states, subP(3–11), and cKP as the incubation
progresses at 55 °C. cRP was not incorporated in the normalization and fitting of the kinetic data as it shares the same channel
as subP(3–11). Kinetic fits from twomodel pathways are shown, includingmodel 1 shown as dashed lines, andmodel 10 as solid lines
(see Table 1 for details). The right panel (b) shows a list of summed residuals (ΣRSS) from models involving a number of subP(3–11)

intermediates prior to dissociation. Model 10, possessing the lowest calculated ΣRSS, is indicated in (b)
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the right side of the [subP+3H]3+ conformer A peak. This slight
shift suggests that some peptides having trans-Pro2, cis-Pro4

configurations may also be present in the conformer A peak.
We note that left side of the peak associated with conformer A
could correspond to cis-Pro2,trans-Pro4 or cis-Pro2,cis-Pro4 con-
figured proline peptide bonds.

Each of the cross section distributions for [subP+2H]2+ and
[subP(3–11) + 2H]

2+, and their associated analogues in Figure 3
show only a single very sharp peak. The cross sections for the
Ala-substituted analogues show that the trans-configured Ala-
substituted peptides are nearly identical (within 1% relative
difference) of the [subP+2H]2+ cross section. Thus, it appears
that both prolines in [subP+2H]2+ are trans-configured. The
product ion formed from bond cleavage, [subP(3–11) + 2H]

2+,
also appears to be trans-configured. In this case, we generated
[subP(3–11)(P4A)-2H]

2+ in two ways: by peptide synthesis, giv-
ing rise to the distribution in Figure 3B; and, by bond cleavage of
the antecedent P4A-substituted subP precursor. These identical
species have identical cross sections that are consistent with a
trans-Pro4 configuration in the [subP(3–11) + 2H]

2+ ion. We note
that the P2A-substituted subP precursor does not undergo bond
cleavage. This is an important clue in these systems—suggesting
that the trans-configured proline must isomerize to the cis con-
figuration in order to initiate bond cleavage.

Proposed Mechanism for cRP and cKP Formation

Scheme 1 depicts a proposed dissociation mechanism for subP
that results in DKP formation. This mechanism is similar to one
proposed previously [20] where nucleophilic attack of the N-
terminal amine on the carbonyl carbon of the penultimate Pro
residue results in DKP formation. In order for this interaction to
occur, the Arg1-Pro2 peptide bond must have a cis configuration,
as the nucleophile cannot readily access the carbonyl carbon if the
peptide bond is trans-configured. This configurational require-
ment is in agreement with the finding that incubated Pro→Ala
analogues containing penultimate alanine were prohibited from
dissociation, and provides an explanation of the slow rate of this
process as well as the protonation reaction; that is, trans→cis
isomerization often involves a substantial barrier that is rate
limiting in structural transitions of biological systems [32–34].
Once cRP has been formed, the subP(3–11) peptide is expected to
follow a similar mechanism in order to cleave the Pro4-Gln5

peptide bond, forming subP(5–11) and cKP. In the subP precursor,
the high specificity, associated with the N-terminal attack towards
Pro2, but not Pro4, suggests that the stability of the six-membered
ring formed by the DKP helps to favor this product relative to
elimination of a larger ring involving the tetrapeptide. Addition-
ally, it is likely that entropic effects arising from the increased
interaction distance associated with the N-terminus and the Pro4

residue also disfavor tetrapeptide elimination.

Characterizing Favored Reaction Pathways

While subP is a relatively simple peptide, the data described
above provide the opportunity to understand the dynamics asso-
ciated with structural changes involved in non-enzymatic pro-
cessing of the Pro2-Lys3 and Pro4-Gln5 peptide bonds. To do this,
we have calculated kinetics for a number of assumed (candidate)
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Figure 5. Normalized abundances of each species involved in
fitting the kinetics plots ([subP+2H]2+, [subP+3H]3+, [subP(3–

11) + 2H]2+, and [cKP +H]+) as a function of time as solutions
are incubated at 55, 60, 65, 70, 75 °C. Solid lines show the
optimized calculated kinetics frommodel 10 fit to each species
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pathways and compared these calculated kinetics with our exper-
imental data, a method successfully utilized previously [10, 47–
49] and described briefly in the experimental section. We begin
by modeling the most straight-forward pathway—the direct dis-
sociation of both [subP+2H]2+ and [subP+3H]3+ to form cRP and
its complementary product, subP(3–11); once formed, the subP(3–
11) product dissociates to form cKP and subP(5–11), an overall
process that is described by Eq. 6.

subPþ 2H½ �2þ
subPþ 3H½ �3þ

i
→ subP 3−11ð Þ þ 2H

� �2þ
→ cKPþ H½ �þ ð6Þ

We refer to this process as model 1 as shown in Table 1.
Figure 4A shows a best-fit comparison of this model with the
measured experimental kinetics data. The model captures the
abundance profile of the [subP+2H]2+ ions nicely; but it fails to
capture the shape of the [subP+3H]3+ curve as well as the
profile associated with dissociation (i.e., [subP(3–11) + 2H]2+

and [cKP +H]+). To better understand our pathway, we calcu-
lated the kinetics of 15 candidate pathways, listed in Table 1
and compared these with our experimental data. Assessment of
each model’s ‘goodness of fit’ was accomplished by a residual
sum of squares analysis (shown in Figure 4B). The outcome of
this analysis shows that the abundance profile of subP(3–11), is
captured best upon inclusion of ~ 3 to 5 intermediate states, as
described by Eq. 7 (for model 10 having four intermediates).

subPþ 2H½ �2þ→ subPþ 3H½ �3þ→ subP 3−11ð Þ þ 2H
� �2þ

→i1→i2→i3→i4→ cKPþ H½ �þ
ð7Þ

Model 10 involves three key steps, as follows: protonation
of [subP+2H]2+ to [subP+3H]3+ (regulated by a trans→cis
isomerization of the Pro2 peptide bond); dissociation of
[subP+3H]3+ to form cRP and subP(3–11); and finally, transition
of subP(3–11) through four structural intermediates culminating
in dissociation of subP(3–11) to form cKP and subP(5–11). We
note that although model 10 had the lowest ΣRSS value,
models 9 and 11 (Table 1) represent the experimental kinetics
nearly as well. Although the intermediates prior to dissociation
of subP(3–11) were not observed directly it is likely that they are
associated with trans→cis isomerization of the Pro4 peptide
bond, as this must occur in order for bond cleavage to occur.
These intermediates effectively explain very different rates of
dissociations of subP and subP(3–11) (t1/2 ~ 100 min for disso-
ciation of subP and ~ 1700 min for dissociation of subP(3–11) at
55 °C). Moreover, these models indicate a highly sequential,
step-by-step process for product creation.

Transition State Thermochemistry

Figure 5 shows a summary of kinetics data sets acquired at 55, 60,
65, 70, and 75 °C. By fitting all of these data with the pathway
given by eq. 7 (i.e., the model that best fits our experimental data),
it is possible to determine rate constants at each temperature and

use the Arrhenius equation to derive transition state thermochem-
istry. The Arrhenius plots are shown in Figure 6. For the first step
in our pathway, (configurationally coupled protonation, i.e.,
[subP+2H]2+ + H+→ [subP+3H]3+) we find a relatively low
transition state energy barrier ofΔH‡ = 41 ± 5 kJ·mol−1. However,
this transition state is tight, i.e., there is an entropic barrier, ΔS‡ =
−157 ± 12 J·mol−1·K−1. Combination of these values yields the
Gibbs free energy, ΔG‡ = 88 ± 6 kJ·mol−1. This is followed by
cleavage of the Pro2-Lys3 peptide bond. The transition state for
bond cleavage requires more energy, ΔH‡ = 55 ± 9 kJ·mol−1 and
is also entropically disfavored (ΔS‡ = − 130 ± 22 J mol−1 K−1) as
might be expected as nucleophilic attack (see Scheme 2) leading
to peptide bond cleavage and ring formation requires a well-
defined configuration. The higher Gibbs free energy, ΔG‡ = 94
± 11 kJ mol−1, slows the system down as the peptide bond is
cleaved and subP(3–11) and the cRP DKP products are formed.
The initial subP(3–11) (with a trans-configured penultimate pro-
line) goes through a complex set of five unresolved transition
states with the final step leading to bond cleavage and formation
of the subP(5–11) peptide and the cKP DKP product. Our analysis
treats these states identically and yields a larger energy barrier
(ΔH‡ = 85 ± 5 kJ mol−1) for each step and while each transition
state is still entropically disfavored (ΔS‡ = − 43 ± 2 J mol−1 K−1),
this analysis suggests that this set of barriers is far more accessible
than the preceding transition states. These barriers have the largest
overall Gibbs free energy barriers - ΔG‡ = 98 ± 5 kJ mol−1.

Figure 6. Arrhenius plot of rate constants derived from fitting
the kinetics of model #10 to the experimental data. Three rate
constants correspond to the three differentiated steps of the
reaction: k1 for [subP+2H]2+ + H+ → [subP+3H]3+, k2 for
[subP+3H]3+ → [cRP + H]+ + [subP(3–11) + 2H]2+, and k3 for
[subP(3–11) + 2H]2+→ i1→ i2→ i3→ i4→ [subP(5–11) + H]+ + [cKP +
H]+, where each step involving an intermediate, in, is assumed
to have the same rate constant, k3. The dissociation was per-
formed at five different temperatures in triplicate, and the aver-
aged rate constants derived from each temperature are points
color-coded to their respective transition step. Each color-
coded line is a weighted linear fit for that rate constant
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Scheme 2. Dissociation pathway of subP based on the best-fit model determined from Figure 5. The first step involves a trans→cis
isomerization of the Arg1-Pro2 peptide bond, followed by dissociation of cRP. The complementary product of this cleavage, subP(3–

11), undergoes a similar trans→cis isomerization of the Lys3-Pro4 peptide bond (as one intermediate out of three to five, predicted),
before dissociating to form cKP and subP(5–11)
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Comparison of Non-enzymatic and Enzymatic
Cleavage Mechanisms

Several enzymes are known to degrade subP at specific sites [52–
55], and the resulting peptide fragments exhibit varying degrees of
bioactivity [56]. Dipeptidyl peptidase IV (DPP IV) will sequen-
tially cleave dipeptides from the N-terminal side of subP, first at
the Pro2-Lys3 bond, and subsequently at the Pro4-Gln5 bond [53,
56]. Importantly, subP(5–11) shows an increased bioactivity and a
high efficiency for cellular uptake relative to subP [57–59]. Thus,
there are biological consequences for formation of subP(5–11) by
enzyme cleavage or from spontaneous cleavage of subP and
subP(3–11) in the absence of enzymes. A notable difference is that
DPP IV cleavage results in linear dipeptides rather than cyclical
DKP products [56]. Additionally, enzymatic DPP IV is reported
to cleave only trans-configured peptide bonds, rather than cis-
configured bonds [60]. Thus, if subP were to undergo a sponta-
neous trans→cis isomerization prior to enzymatic cleavage, the
resulting peptide would be trapped along a pathway that leads to
DKP formation (rather than formation of the linear dipeptide).
From this we might imagine that one role of the DPP IV enzyme
may be in processing the peptides into intact dipeptides, thus
avoiding formation of cDKP products, which frequently possess
some bioactivity themselves [61]. Finally, some diseases are
thought to arise upon degradation of unstable sequences [62–
67]; thus, spontaneous degradation of systems containing penul-
timate prolines [10, 12] may have deleterious consequences.

Conclusions
IMS-MS techniques have been used to investigate the sponta-
neous degradation of subP over time in solutions of ethanol.
From comparisons of calculated kinetics for assumed pathways
with experimental kinetics, we find evidence for a complex,
step-by-step pathway that leads to two bond cleavage events.
There is experimental evidence for seven transition states (four
that appear to be hidden, but necessary to fit the data). Overall,
bond cleavage hinges upon the configuration of peptide bonds
associated with penultimate-proline residues. Once the path-
way is established, kinetics measurements at different temper-
atures are used to derive thermochemistry for each of the
transition state. The observation of intermediates, delineation
of a preferred pathway, and characterization of transition-state
thermochemistry provides a rare glimpse into the detailed, step-
by-step motions associated with spontaneous peptide
processing.
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