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Abstract

Ion mobility and mass spectrometry techniques are used to investigate the stabilities of different 

conformations of bradykinin (BK, Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9). At elevated 

solution temperatures, we observe a slow protonation reaction, i.e., [BK+2H]2++H+ → [BK

+3H]3+, that is regulated by trans → cis isomerization of Arg1-Pro2, resulting in the Arg1-Cis-

Pro2-cis-Pro3-Gly4-Phe5-Ser6-cis-Pro7-Phe8-Arg9 (all-cis) configuration. Once formed, the all-cis 
[BK+3H]3+ spontaneously cleaves the bond between Pro2-Pro3 with perfect specificity, a bond 

that is biologically resistant to cleavage by any human enzyme. Temperature-dependent kinetics 

studies reveal details about the intrinsic peptide processing mechanism. We propose that 

nonenzymatic cleavage at Pro2-Pro3 occurs through multiple intermediates and is regulated by 

trans → cis isomerization of Arg1-Pro2. From this mechanism, we can extract transition state 

thermochemistry: ΔG‡ = 94.8 ± 0.2 kJ·mol−1, ΔH‡ = 79.8 ± 0.2 kJ·mol−1, and ΔS‡ = −50.4 ± 1.7 

J·mol−1·K−1 for the trans → cis protonation event; and, ΔG‡ = 94.1 ± 9.2 kJ·mol−1, →H‡ = 107.3 

± 9.2 kJ·mol−1, and →S‡ = 44.4 ± 5.1 J·mol−1·K−1 for bond cleavage. Biological resistance to the 

most favored intrinsic processing pathway prevents formation of Pro3-Gly4-Phe5-Ser6-cis-Pro7-

Phe8-Arg9 that is approximately an order of magnitude more antigenic than BK.
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While investigating the solution structure of bradykinin (BK, Arg1-Pro2-Pro3-Gly4-Phe5-

Ser6-Pro7-Phe8-Arg9) by a new hybrid temperature-controlled electrospray ionization (T-

ESI),1–3 ion mobility spectrometry (IMS) and mass spectrometry (MS) technique,4 we find 

evidence for a conformationally regulated proton-transfer event that spontaneously cleaves 

the Pro2-Pro3 peptide bond with perfect specificity, leading to the smaller, seven-residue 

BK(3-9) species. This is a remarkable finding. In their comprehensive 1995 review, “Proline 

motifs in peptides and their biological processing,” Scharpe and co-workers emphasize, “the 

bond between two Pro residues, when not positioned at the N-terminus, possess a high 

degree of resistance to any human proteolytic enzyme.”5 Resistance arises because 

dipeptidyl peptidase IV (DPP-IV) cannot directly cleave Pro-Pro bonds.5 Instead, biological 

processing of N-terminal residues of BK is initiated by aminopeptidase P elimination of 

Arg1, and the remaining BK(2-9) sequence is then susceptible to DPP-IV processing.5 Below, 

we show that the most difficult bond to cleave enzymatically is intrinsically not only most 

facile, but uniquely specific and cleaved with 100% efficiency in the absence of enzymes. A 

comparison of our mechanism for spontaneous cleavage of free BK in solution with 

proposed enzymatic mechanisms suggests that the difference lies in the cis–trans 
configuration of Arg1-Pro2. The ability to follow detailed configurational changes that lead 

to peptide processing in the absence of enzymes provides a new means of understanding the 

role of peptidases and the importance of conformational changes in biological processing.

BK possesses hypotensive activity6 and is involved in numerous physiological conditions, 

including pain and inflammation.7–9 Structural studies show that conformations of BK 

depend upon its environment.10 C-terminal Ser6-Arg9 forms a stable turn in polar solvents.11 

However, each proline can adopt either cis or trans configurations leading to multiple 

structures that are difficult to characterize,12 and some to conclude that the N-terminal 

region of BK is unstructured.13,14

Figure 1 shows typical mass spectra recorded using our T-ESI-IMS-MS4,15,16 technique, 

acquired upon incubating BK in an ethanol, 0.5% acetic acid solution (for acid concentration 

dependence, see Supporting Information) at 65 °C. Similar results are found when BK is 

incubated in water, methanol and propanol (see Supporting Information). Initially, two peaks 

are observed in the mass spectrum at m/z = 531 and 354, correspond to intact [BK+2H]2+ 

and [BK+3H]3+, respectively. As time progresses, the abundance of [BK+2H]2+ decreases 
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and [BK+3H]3+ increases. By ~75 min, two new peaks, at m/z = 404 and 254 are observed. 

These peaks correspond to a complementary pair of fragments formed in solution and are 

assigned as the seven-residue [BK(3-9)+2H]2+ peptide and a fragment associated with the 

remaining Arg1-Pro2 dipeptide (discussed in detail below). This pair forms upon cleavage of 

Pro2-Pro3, which as noted above is enzymatically resistant. By ~150 min, the 

[BK(3-9)+2H]2+ and Arg1-Pro2 fragments dominate the mass spectrum, and are the only 

species observed beyond ~300 min. These data indicate that [BK+2H]2+ is converted to [BK

+3H]3+ through a slow protonation reaction, and that the triply protonated peptide undergoes 

a cleavage of the Pro2-Pro3 peptide bond. This transformation is remarkably selective, 

ultimately forming the seven residue [BK(3-9)+2H]2+ product with ~100% efficiency.

Of immediate interest is the slow protonation reaction. Such a slow transfer of a proton, the 

lightest and fastest chemical moiety, suggests that a key barrier must regulate protonation. A 

clue about this barrier comes from a recent study of polyproline-7 showing that a 

cooperative cis → trans isomerization of all peptide bonds was responsible for regulating 

the slowest proton transfer reaction ever measured.17 The slow protonation event observed 

here suggests a similar configurational change may regulate this system.

This structural transition can be directly tested for BK by examining IMS cross section 

distributions shown in Figure 2. The mobility of an ion through a buffer gas, under the 

influence of a weak field, depends on its collision cross section with the buffer gas.18–21 

Structures having different cross sections arise from different combinations of cis- and trans-

configurations of Pro2, Pro3, and Pro7 residues, which have been characterized previously by 

IMS-MS,12 and recently confirmed by cryogenic IR spectroscopy.22 For [BK+2H]2+, there 

are two experimentally resolved structures: a small peak, representing ~5% of the population 

at Ω = 240 Å2 and a more abundant species having Ω = 244 Å. The configurations of the 

three proline residues in these structures have been assigned as trans-Pro2, trans-Pro3, and 

cis-Pro7 [TTC(2H+)] for Ω = 240 Å2; and, trans-Pro2, cis-Pro3, cis-Pro7 [TCC(2H+)] for Ω 
= 244 Å2 (see Supporting Information). Four conformations resolved for [BK+3H]3+ are 

assigned to the following proline configurations: the largest peak at Ω = 269 Å2, 

corresponds to [CCC(3H+)];12 a peak at Ω = 278 Å2, in which the cis/trans configurations 

have not been assigned is designated as [B’(3H+)]; a low-abundance species at Ω = 285 Å2 

as [CTT(3H+)];12,22 and, the small peak at Ω = 306 Å2 as [TTC(3H+)].12 Figure 2 shows 

that upon initiation of these cross section measurements, the TCC(2H+) configuration is 

most abundant. As the reaction progresses (~75 min) the fraction of TCC(2H+) decreases 

and there is a corresponding increase in the abundance of triply protonated BK in the 

CCC(3H+) form. This indicates that, as was observed for Pro7,17 the slow-protonation event 

is regulated by a conformational change; in the case of BK, the trans → cis conversion of 

the Arg1-Pro2 peptide bond [i.e., the doubly protonated TCC(2H+) conformation] is 

converted to the triply protonated all-cis CCC(3H+) conformation. In this way, the 

configuration of Arg1-Pro2 regulates the rate of the proton transfer event. This 

configurational change must allow access to an additional basic site that is preferentially 

protonated.

Two immediate questions emerge. How does Pro2-Pro3 cleavage occur? And, why would the 

intrinsically most-favored process be avoided biologically? To understand how Pro-Pro bond 
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cleavage occurs in the absence of enzymes we need to understand the reaction mechanism. 

We begin by noting that the Arg1-Pro2 fragment lacks a C-terminal carboxylic acid moiety 

and thus likely exists as the well-known cyclized diketopiperazine (DKP) structure of Arg1-

Pro2.23 The Arg1-Pro2 DKP species is formed when the N-terminus is in close proximity to 

the carbonyl carbon between the second and third residues. Scheme 1 illustrates a simple 

mechanism of formation arising from nucleophilic attack of the amino terminus on the 

carbonyl carbon atom,23 a process that cleaves the C—N peptide bond, yielding the cyclic 

Arg1-Pro2 DKP, and the linear seven-residue peptide (Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9). 

Previous studies of a C-terminally amidated Ala-Pro-NH2 dipeptide reported an overall 

reaction rate that is also limited by the trans → cis isomerization of the Ala-Pro peptide 

bond,23 analogous to results reported here, and further corroborating our cis/trans 
configurational assignments. It is worth noting that this mechanism does not require the 

additional protonation event. Thus, the role of the third proton remains somewhat unclear; 

this change may be off pathway and unassociated with bond cleavage.

Insight about how this occurs can be gleaned by modeling the experimental kinetics data 

shown in Figure 3. This approach provides insights about the details of reaction pathways.
24,25 We first assume a model reaction pathway and then write differential rate equations for 

the assumed process. Upon solving the system of differential equations at all times and 

optimizing this solution with respect to the experiment, we obtain kinetics curves for the 

model pathway that can be compared with the experiment.

Consider the model pathway shown by reaction 1:

TCC(2H+) CCC(3H+) BK(3 − 9)(2H+) + Arg1 − Pro2(H+) (1)

this is the simplest model that includes the experimentally resolved intermediate [i.e., 

formation of CCC(3H+)]. Optimization of this model yields values of k1 = 7.5 × 10−3 s−1 for 

formation of CCC(3H+) and k2 = 1.4 × 10−2 s−1 for depletion of CCC(3H+) and formation 

of the product fragments at 65 °C. Dashed lines in Figure 3 represent this model pathway. 

Although this model captures the general shapes of the experimental kinetics curves, it 

unfortunately misses some key points. For example, experimental data shows that the 

TCC(2H+) → CCC(3H+) step is observed after a ~10 min induction period: the resulting 

shape is not captured by the single-intermediate decay process.

Fortunately, it is possible to calculate many different trial models. We have tested 34 

possible model pathways (see Supporting Information). A representation of the quality of 

each of these processes (that include up to five intermediates and consider sequential and 

parallel pathways) is shown in Figure 3 as a residual sum of squares plot. From this analysis, 

we find that the best representation of experiment comes from a model pathway that 

includes a hidden intermediate24 associated with trans → cis isomerization of Arg1-Pro2 

[i.e., TCC(2H+) → i1(2H+) → CCC(3H+)], and two additional intermediates associated 

with bond cleavage [i.e., CCC(3H+) → i2(3H+) → i3(3H+) → BK(3-9)(2H+)+Arg1-Pro2(H
+)], leading to the complete process, reaction 2.
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TCC(2H+) i1(2H+) CCC(3 H+ ) i2(3H+) i3(3H+) BK(3 − 9)(2H+) + Arg1

− Pro2(H+)
(2)

Though the structures of these intermediates remain entirely uncharacterized, evidence for 

their existence from this analysis is remarkable, as it suggests a minimum number of large 

barriers (five) associated with spontaneous dissociation of BK. Thus, we note that although 

this process is spontaneous, it is not easy. Measurements and analysis of these kinetics at 

different solution temperatures (T = 55, 60, 65, 70, 75, and 78 °C) can be used to obtain 

Arrhenius plots (see Supporting Information), and from transition state theory we can 

estimate step-by-step thermochemistry associated with each of these barriers. This analysis 

for our best pathway (i.e., reaction 2) yields transition state free energies of ΔG‡ = 93.1 

± 12.1, 94.8 ± 0.2, 94.0 ± 9.1, 93.9 ± 9.7, and 94.1 ± 9.2 kJ·mol−1 for each sequential step as 

reaction 2 progresses. When we partition the free energies into enthalpic (ΔH‡) and entropic 

(ΔS‡) terms, we find that the contributions of ΔH‡ to the barriers for the two steps TCC(2H
+) → i1(2H+) → CCC(3H+) are 97.7 ± 12.1 kJ·mol−1 and 79.8 ± 1.6 kJ·mol−1, respectively. 

For the three steps after isomerization, which lead to dissociation [i.e., CCC(3H+) → i2(3H
+) → i3(3H+) → BK(3-9)(2H+)+Arg1-Pro2(H+)], we obtain ΔH‡ = 105.8 ± 9.1, 106.7 ± 9.7, 

and 107.3 ± 9.2 kJ⋅mol−1, respectively. The corresponding entropic components of each step 

shows that a late step associated with trans → cis isomerization of the Arg1-Pro2 bond 

involves a tight, entropically restricted transition state [ΔS‡ = 15.3 ± 2.5 J⋅K−1⋅mol−1 for the 

first TCC(2H+) → i1(2H+) step and –50.4 ± 1.7 J⋅mol−1⋅K−1 for the later i1(2H+) → 
CCC(3H+) transition]. The entropic contributions to the three barriers associated with the 

CCC(3H+) → i2(3H+) → i3(3H+) → BK(3-9)(2H+)+Arg1-Pro2(H+) rearrangements and 

bond cleavage shows that each step proceeds through a relatively loose (entropically 

allowed) transition state (i.e., ΔS‡ = 39.4 ± 4.6, 42.8 ± 5.2, and 44.4 ± 5.1 J⋅mol−1⋅K−1, 

respectively, for sequential steps leading to bond cleavage).

With this understanding about how spontaneous Pro2-Pro3 dissociation occurs in the absence 

of enzymes, we turn our attention to the question of why would the most intrinsically 

favored process be avoided biologically? Our finding, that cleavage between Pro2-Pro3 is the 

only accessible pathway spontaneously, is remarkable considering that this bond is not 

processed enzymatically. It turns out that the seven-residue BK(3-9) is nearly an order of 

magnitude more antigenic than the BK nonapeptide as well as the eight-residue BK(2-9) 

peptide.26 Rather than form BK(3-9) enzymatically, BK can be processed by aminopeptidase 

P to form the eight-residue peptide (which lacks typical BK activity), followed by DPP-IV 

elimination of Pro2-Pro3, thus avoiding the antigenic repercussions associated with BK(3-9) 

formation.

Finally, it is important that while spontaneous Pro2-Pro3 cleavage is favored intrinsically, 

this processing is slow. Biologically, the deleterious antigenic impact of spontaneous 

cleavage is avoided by rapid enzymatic degradation of the Arg1-trans-Pro2 configured BK. 

Structural studies of penultimate proline containing peptides interacting with the DPP-IV 

enzyme show that the trans-Pro2-peptide is the bound form which leads to enzyme cleavage,
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27 consistent with this idea. In this way, the biological processing mechanism naturally 

regulates antigenicity, as enzymatic degradation of BK leads to inactive species7,28.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mass spectral distributions shown at 0, 75, 150, and 300 min.
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Figure 2. 
Cross section distributions shown at 0, 75, 150, and 300 min. The blue peak represents the 

TCC(2H+) configuration, the yellow peak represents CCC(3H+), and the red peak represents 

[BK(3-9)+2H]2+, which are the most abundant conformations in the IMS-MS distributions. 

The cross section for Arg1-Pro2 (not shown in the figure) is Ω = 96 Å2.
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Figure 3. 
Kinetics data shown at 65 °C (top). Two models are shown with the solid line representing 

TCC(2H+) → i1(2H+) → CCC(3H+) → i2(3H+) → i3(3H+) →BK(3-9)(2H+)+Arg1-

Pro2(H+), among the statistically best models, and the dashed line representing TCC(2H+) 

→ CCC(3H+) → BK(3-9)(2H+)+Arg1-Pro2(H+), the simplest model. Bottom panel shows 

residual sums of squares values for each model, separated by dashed lines corresponding to 

1-5 intermediates. Three example reaction pathways are shown.
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Scheme 1. 
Cleavage mechanism of Pro2-Pro3 by DKP formation with Arg1-Pro2 in the cis 

configuration
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