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57 Abstract

28

29 The dynamic nature of intrinsically disordered peptides makes them a challenge to characterize
g? by solution-phase techniques. In order to gain insight into the relation between the disordered state
gg and the environment, we explore the conformational space of the N-terminal 1-5 fragment of
34 bradykinin (BK[1-5]*") in the gas phase by combining drift tube ion mobility, cold-ion
35

36 spectroscopy, and first principles simulations. The ion-mobility distribution of BK[1-5]*" consists
37 . - .

38 of two well-separated peaks. We demonstrate that the conformations within the peak with larger
28 cross-section are kinetically trapped, while the more compact peak contains low-energy structures.
j; This is a result of cis-trans isomerization of the two prolyl-peptide bonds in BK[1-5]*". Density-
43 functional theory calculations reveal that the compact structures have two very different geometries
44 . . . ) .

45 with cis-trans and trans-cis backbone conformations. Using the experimental CCSs to guide the
23 conformational search, we find that the kinetically trapped species have a trans-trans configuration.
jg This is consistent with NMR measurements performed in a solution, which show that 82% of the
50 molecules adopt a trans-trans configuration and behave as a random coil.

51

52 .

53 1 Introduction

54 . ) . . ) .

55 Information about the structure and dynamics of proteins and peptides is crucial for
gg understanding their physiological function and hence essential for diagnostics and drug design.'”
gg X-ray crystallography and NMR spectroscopy can often successfully determine the structure of
60
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biomolecules when they adopt well-defined secondary structures.” However, in the case of
intrinsically disordered peptides, NMR spectra often represent an average over an ensemble of
different conformations. Moreover, crystallization for X-ray measurements is often not possible due
to the highly dynamic character of the disordered states.*® Many questions thus remain open
regarding the nature of intrinsically disordered peptides: Does their flexibility come from solution
conditions? What are the main factors contributing to the rapid structural changes? How many
well-defined conformers are converting among each other? How does recognition by receptors or
membrane insertion happen from a structural perspective?'’*

One of the most well-studied representatives of partially disordered peptides is the nonapeptide
bradykinin (BK), which plays a regulatory role in the cardiovascular and nervous systems and is a
key reporter molecule in inflammation and pain.” It was shown that in pure aqueous solution the
entire peptide exhibits many conformational states rather than a single, well-defined secondary
structure.'’ In an aprotic solvent or upon interaction with lipid vesicles, however, residues 6-9 of the
C-terminus of BK adopt B-turn-like structures, while residues 1-5 remain ‘disordered’.'’'? A
similar observation was made by Glaubitz and co-workers for BK bound to the human G-protein
coupled receptor B2, which was investigated by solid-state NMR: residues 6 to 8 (Ser-Pro-Phe)
appear ordered while residues 1 to 5 exhibit a high structural flexibility."

One potential source of conformational heterogeneity of BK, as well as of many other peptides,
is proline cis-trans isomerization'*, as the BK sequence contains proline in positions 2, 3 and 7.
However, most studies performed by NMR find that in the major conformer of BK all prolyl-peptide
bonds are in the frans conformation, both in free peptide and when bound to a receptor.'"*'>'* In
general, cis-trans isomerization of the X-Pro bond is an important biological process; peptidyl-
prolyl cis-trans isomerases (PPIs), which catalyze conversion between cis and trans conformations
in peptides and proteins, are known to play key roles in the functioning of living cells."”** Of the
three known families of PPIs, a member of the cyclophilin family, PPIA, can be found in the
extracellular medium, where BK is acting, and is linked to, for example, inflammation scenarios® %%,
Studies of the substrate specificity of PPIA shows activity even for the Pro-Pro prolyl-peptide bond,
but it is not known if BK is a substrate for PPIA in a particular physiological process.> Besides
this, the cis-trans states of prolyl-peptide bonds can be influenced by interactions with cations**** or
by stretching forces along the peptide backbone, which are induced electrostatically”® or
mechanically.””?’

A powerful way to obtain insight into the nature of intrinsically disordered peptides is to study

30-39

them in the gas phase in the absence of solvent. For instance, using ion mobility spectrometry
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(IMS), Bowers and co-workers investigated BK in its singly protonated and sodiated forms. They
observed only one peak, invariant of the charge carrier or the temperature.* Clemmer’s group has
shown that the collisional cross-section (CCS) distribution of triply protonated BK produced via ESI
demonstrates the presence of at least three major conformational families,*' which were attributed to
different cis-trans isomerization states of the prolyl-peptide bonds.** Although much insight can be
gained from IMS data, an unambiguous assignment of conformers is not possible. lon mobility
provides only an average CCS that is not unambiguous for a conformational family in the gas
phase.” Instead, a single IMS peak may contain several distinct conformational families with the
same CCS.

The expected distribution of structures produced by electrospray is a mixture of low-energy gas-
phase conformers and higher energy structures that are kinetically trapped, with barriers on the

451 These latter structures are

potential-energy surface (PES) that prevent isomerization.
particularly important, as they retain information on the conformation of the molecule in solution.
In case of proline cis-trans isomerization, the energy barrier can be high enough (20-50 kJ/mol)* to
expect solution-phase isomers to be preserved as metastable, kinetically trapped species. Detailed
understanding of these kinetically trapped conformations would allow one to connect information
obtained from solution-phase and gas-phase techniques. The low-energy gas-phase conformers on
the other hand, may exemplify possible structure alternation upon change of environmental
condition as, for example, during membrane insertion. Vacuum can be understood as an extreme
case of an aprotic non-polar solvent lacking intermolecular interactions. Membranes are generally
seen as structure-inducing media, and a question was recently raised if molecular disorder is
possible there.”” Detailed conformational studies in the gas phase might shed light on this question.

In this work we focus on the 1-5 fragment of BK (Fig. 1), which is metabolically stable® and
was shown to inhibit the enzymatic activity of thrombin.”**® Russell and co-workers®’ have
investigated the 1+ charge state of this molecule by IMS and H/D exchange after matrix-assisted
laser desorption ionization (MALDI). Three distinct structural forms were found, exhibiting a
relative abundance dependent on the composition of the electrospray solvent. The extended form
was observed when a high water concentration was used.

We investigate the conformational preferences of BK[1-5] in the +2 charge state by combining
drift tube ion mobility with cryogenic-ion spectroscopy and quantum-chemical calculations.
Experimental constraints are used to guide the first principles structure search and allow us to
identify not only the thermodynamically stable low-energy conformers, but also those that are

kinetically trapped. We show that cis-trans isomerization of BK[1-5] indeed plays a key role in
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forming distinct conformational families. We identify the kinetically trapped structures and show

that they have a direct relationship to those observed by NMR in solution.

2 Experimental and computational approach

Bradykinin[1-5] (RPPGF, Trifluoroacetate salt, Bachem) was purchased and used without
further purification. Peptide solutions were prepared in a 49:49:2 mixture of water:methanol:acetic
acid with a peptide concentration of 50 yM. In the 2+ protonation state, the extra protons are
believed to reside on the arginine side chain and on the N-terminal amine.

The experimental part of this work is performed using two home-built, cold-ion spectrometers,

58,59

both of which are described in detail elsewhere. We briefly highlight their salient features

\ (@]
4 ."""///
N ( o] o)
N
*H N/,,l ‘i,
3N, o <jJ\H/\H/ OH

below.

HN

/J\ R p2 pP3 G F
*HoN NH,

Figure 1. Chemical structure of doubly protonated bradykinin residues 1 to 5 (BK[1-5]*"). The two positive
charges are located at the side chain of the arginine residue and at the N-terminus. The bonds around which the cis-trans

isomerization can occur are highlighted.

2.1 Ton mobility spectrometry coupled with cryogenic ion spectroscopy

We have constructed an instrument (referred to as the IMS-CIS instrument) that combines a
linear IMS drift tube with a cold ion trap and a time-of-flight mass spectrometer for measuring
collisional cross-section distributions of a molecule of interest and vibrational spectra of mobility-
selected ions.” Tons are generated by electrospray and separated according to their collisional cross-
section in a 2m long drift tube, developed in the group of Clemmer® and incorporated into this
instrument without modification. Stand-alone collisional cross-section distributions are measured at
the end of the drift tube using a channeltron detector. The drift tube can be operated in two modes:
as a single 2m long drift tube or as a tandem IMS-IMS instrument. In the latter mode, we pre-select
a conformational family of interest in the first half of the drift tube with an ion gate, collisionally
activate it in a controlled way, and observe its drift using the second half of the drift tube. Any

changes in conformation upon activation manifest themselves in the latter drift-time distribution.
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To perform spectroscopic studies of mobility-selected peptide ions, the ion gate at the end of the
drift tube is opened for 80 ps so that only those within a pre-defined range of collisional cross-
sections pass through and continue to a planar ion trap where they are cooled down to ~10 K by
collisions with hydrogen. Here the ions are tagged with H, reporter molecules and interrogated with
an infrared laser. Absorption of an infrared photon leads to evaporation of hydrogen and decreases
the number of tagged species. The spectrum can thus be recorded by monitoring the number of

tagged molecules in the time-of-flight MS as a function of the laser wavelength.®'

2.2 Conformer-selective cold ion spectroscopy

Using a separate instrument™ (referred to as the CIS instrument) we have the ability to
separate conformers using IR-UV double-resonance®® in a cryogenic octopole ion trap and thus
obtain vibrational spectra for each of them. The ions are produced by a nanospray source, and after
passing through a metal capillary they are injected into an ion funnel. Some collisional activation of
the ions invariably occurs at the end of the funnel where the diameter of the electrodes is smallest.®
After being extracted from the funnel, the ions are pre-stored in a room-temperature hexapole ion
trap for 70 ms, mass-selected by a quadrupole mass-filter, and then guided into a cold (4 K) octopole
ion trap, where they are cooled by collisions with helium. A UV laser pulse promotes the trapped
ions to the first electronically excited state, and since the excitation energy is above the dissociation
threshold, some of the parent ions fragment. All the ions are then ejected from the trap, mass-
selected by a second quadrupole filter, and detected by a channeltron. Detecting the number of
fragment ions as a function of the laser wavelength gives an electronic photofragment spectrum of

the parent molecule. The most abundant UV laser-induced fragment results from the loss of the

phenylalanine side chain (i.e., via Co — Cp bond breakage), and we use this fragmentation channel

for all measurements. To obtain conformer-selective IR spectra of the cold ions, we tune the UV
laser wavelength to a specific transition in the electronic spectrum and introduce an IR pulse from a
tunable OPO 200 ns before the UV pulse. This results in depletion of the photofragment signal,

which is recorded as a function of IR wavelength.

2.3 Computational methodology

We generate an initial pool of calculated structures using basin-hopping, as implemented in the
Tinker package® with the OPLS-AA force field.'® The energy cutoff was set to 50 kcal/mol, and
the number of torsional modes was set to 20. Increasing either of these parameters does not lead to

a substantial increase in the number of unique structures generated. The initial pool of structures
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was then subjected to a conformational clustering procedure from the GROMACS program

626 and only the lowest-energy representative of each cluster (cut-off 0.75 A) were kept.

package,

Collisional cross-sections (CCSs) first were calculated using the projection approximation (PA)
method®” implemented in Sigma.®® Knowing that this method underestimates the collisional cross-
sections, we selected randomly a set of 20 structures, computed their CCS with the trajectory
method (TM® in MOBCAL), and used linear regression to find a correspondence between CCSs
computed by PA and TM for our system (the coefficient calculated is 1.026). In later stages we
calculated the CCSs using the TM method with partial charges extracted from DFT calculations.

All DFT simulations in this work were performed in the all-electron program package FHI-aims
based on numeric atom-centered orbital basis sets.”' Initially the PBE functional”* with many-body

dispersion correction (MBD)"*"

was used. The initial relaxations were performed with the “light”
species defaults, while for refinement a more accurate “tight” basis was employed. For further
improvement of the description of the system we used the PBEO functional.”” These functionals,
and the order of increasing accuracy, were proven successful in previous studies.*"*”"®

For calculations of vibrational spectra we used scaling factors of 0.948 for PBEO and 0.978 for
PBE. Free energies were estimated based on vibrational frequencies calculated with the PBE

functional at 0 K, 10 K and 300 K using harmonic oscillator and rigid rotor approximations.

2.4 Nuclear Magnetic Resonance

The NMR spectra are acquired at room temperature on a Bruker Avance III HD instrument
operating at 600 MHz for '"H. We acquire TOCSY, COSY and ROESY (with the mixing time 400
ms) 2D 'H NMR spectra in DMSO and use them to assist interpretation of analogous data obtained
in a H;O:CD;OH 50:50 mixture, where water suppression is performed with the presaturation
sequence. The relative abundances of the conformers are measured by integrating the peak volumes

using Mestrelab MNova NMR software.”’

3 Results

We achieve conformer selectivity in our experiments in two ways: (i) by using ion-mobility to
separate molecules with different cross sections by their drift time and then recording vibrational
spectra of the mobility-selected ions; and (ii) by performing IR-UV double-resonance spectroscopy

to obtain vibrational spectra of individual conformers within a mixture.
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3.1 Vibrational spectra of mobility-selected ions

The ion-mobility drift-time distribution of BK[1-5]*" has two well separated peaks, as shown in
Fig. 2. The first peak has an unresolved shoulder and can be represented as a sum of two Gaussians,
one centered at 167 A% and the other at 170 A%. The second peak is centered at 178 A, and its width

suggests that it may also consist of more than one conformer.

IT

transmitted ions

150 160 170 180 190 200
ccs, A

Figure 2. Collisional cross-section distribution of BK[1-5]*". The extended conformers (peak II) are kinetically

trapped and interconvert to more compact, stable, gas-phase structures (peak I) upon collisional activation.

When we select either of the two peaks after they drift through the first part of the drift tube and
collisionally activated them, the same arrival-time distribution is produced for both peaks as they
drift through the second segment of the drift tube. As shown in Fig. 3, this “annealed” distribution
consists mainly of peak I with a shoulder around 176 A slightly more compact than the original
extended conformations. We conclude that the structures contained within peak II are kinetically
trapped, while peak I represents stable gas-phase structures. This type of behavior has been
demonstrated previously for the full bradykinin in the 3+ charge state (BK>").%*!

While ion-mobility spectrometry provides a spatially averaged CCS of a molecule that reflects
its overall shape, vibrational spectroscopy produces a distinct fingerprint that reflects the molecule’s
precise structure. We thus select both peaks in the ion-mobility distribution and obtained their IR
spectra via Hj-tagging spectroscopy (Fig. 4). We also obtain their vibrational spectra after
annealing via collisional activation (50 V), and we observe that they are practically identical and

contain the same bands as the vibrational spectrum of the compact structures (see SI-Fig. 2). This

confirms that after collisional activation we reach the same quasi-equilibrium gas-phase distribution
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independent of the starting conformation. This distribution consists of the same conformers as those
under the more compact peak in the ion mobility drift-time distribution.

To assign the peaks in the IR spectra to specific vibrational modes, we had two isotopically
labeled peptides synthetized by replacing the amide nitrogen of phenylalanine and glycine with "°N.
This substitution typically shifts the labeled NH band by ~8 cm™ to the red and allows us to identify
the bands that correspond to phenylalanine and glycine NH stretches, which are labeled on Fig. 4.

(a) (b)
/ \._ 60V / \_ 60V
40V 40V
n wn
5 30V & 30V
5 5
Iz E
2 10\ VAR 20V
S S
N N
160 180 200 160 180 200
ccs, A ccs, A®

Figure 3. Collisional activation of BK[1-5]*" pre-selecting (a) peak I and (b) peak II in the drift-time distribution of

Fig. 2. The color code corresponds to the activation voltage applied.
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Figure 4. Vibrational spectra of mobility-selected BK[1-5]*". Phenylalanine and Glycine NH stretches are
assigned by measuring the spectra of "N-labeled peptides.
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3.2 IR-UV double resonance spectroscopy

One of the most powerful ways to simplify congested spectra of large molecules is to use
double-resonance spectroscopy in a cryogenic ion trap.”® We recorded vibrational spectroscopic
signatures of three distinct conformers in our cold, octopole ion trap, shown in Fig. 5, and label them
A, B and C. Isotopic labeling allows us to identify the NH stretches of the phenylalanine and
glycine residues, which are labeled in Fig. 5. Note that the IR spectrum of conformer B is very
close to that of conformer A, with the main difference being the frequencies of the phenylalanine

NH stretch, which are separated by 27 cm™. This suggests that these two conformers differ in the

rotation of phenylalanine side chain.****
conf. B (x2)
‘Phe @y
conf. A \

~ Phe

Peakz lin the
IM di§tibution

fragment ion signal

conf. C “Gly

3400 3500 3600

-1
IR wavenumber, cm

Figure 5. Comparison of vibrational spectra of 3 conformers (A, B and C) of BK[1-5]*" obtained in the CIS
machine by IR-UV double-resonance together with a vibrational spectrum (in green) of the mobility-selected compact
structures recorded in the IMS-CIS machine by H,-tagging. = The low-CCS peak in the arrival-time distribution,
accordingly, consists of a mixture of conformers A, C and, possibly, B. The labels show the NH-stretches that were

assigned by measuring the spectra of "N-labeled peptide.

The spectra in Fig. 5 clearly demonstrate that peak I identified by ion mobility consists of

conformers A and C. At the same time the spectroscopic differences between spectra of A and B are
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so small that we cannot exclude presence of small quantities of conformer B. In the CIS instrument
that we currently use, ions undergo some collisional activation at the end of the ion funnel. This
explains why we observe a set of structures that largely resembles the annealed distribution obtained
in our IMS-CIS machine, i.e. mostly the compact structures. Despite the recent finding that Hj-
tagging can alter the conformation of small biological molecules,* in this case we observe that the
spectroscopic features are not detectably shifted when the peptide is tagged with one H, molecule.
To summarize the experimental results, the following structures are observed in the gas phase:
e The compact conformations with a CCS in the range of 167 to 170 A*. Analysis of their
spectral signatures suggests the presence of conformers A, B and C. B only differs from
A in the phenylalanine ring orientation. A third conformer, denoted C, is structurally
different from A and B.
e Extended structures with a CCS around 178 A%. They are kinetically trapped and upon
collisional activation collapse to the more stable compact conformations.
Previous studies of the full BK sequence suggest that families I and II differ by prolyl-peptide bond

. 42,85
isomers.

3.3 First-principles simulations

To determine the structures of the conformers that give rise to the CCS values and infrared
spectra that we measure, we have to compare these results with theory. First we must search the
massive conformational space for BK[1-5]*" (discretization of the 13 single bonds in 60 degrees
steps and of the 4 peptide bonds to cis and trans states results in roughly 2 X 101! structures to
evaluate). We tackle this sampling problem by a two-step approach: (i) a force field-based global
screening (basin hopping with Tinker and the OPLS-AA force field), and (ii) subsequent density-
functional theory calculations. In order to select the conformers to consider at the higher, first-
principles level, we employ experimental constraints, comparing the calculated CCS values and
vibrational signatures to their experimental counterparts. The use of experimental constraints is not
only a concession to the large conformational search space. Only one of the observed conformers
can be the global minimum of the potential-energy surface, while the rest, especially the kinetically
trapped species, cannot be determined based on the energy criterion alone.

The initial force field search yields 212,754 conformations that were sorted into 67,546 clusters,
the lowest energy representative of which was considered in the following. We first assumed, and
later confirmed, that kinetic trapping is a result of the cis/frans isomerization of the two prolyl-

peptide bonds present in BK[1-5]*". All structures were categorized into four groups, trans-trans
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(TT), trans-cis (TC), cis-trans (CT), and cis-cis (CC), according to their prolyl-peptide bond
conformations. We have carried out the following analysis separately for each category so that we
are sure to consider structures that are high in energy, such as TT, but that may still be observed
experimentally due to kinetic trapping. We selected structures out of these individual sets based on
their relative potential energy and calculated CCS. In order to put an emphasis on structures with
CCSs that match the experiment, we applied an energy threshold of 30 kcal/mol relative to the
lowest energy structure of the same backbone type to structures with CCS values between 165 A
and 183 A%, For structures with a lower or higher CCS, we applied a relative energy threshold of
26 kcal/mol. By this procedure, we selected 4,515 structures that were subjected to geometry
relaxations using the PBE functional with many-body dispersion correction and “light”

computational settings.

3.3.1 Compact structures: Low-energy minima

To find candidates for the equilibrated stable structures of peak I, we rely mainly on the
potential energy. First, the clustering procedure was applied to the initial pool of structures, and an
energy threshold was used to select the structures to be optimized with “tight” settings. From these,
we selected the lowest-energy structures in each proline configuration (TT, TC, CT or CC, 57 in
total) and computed free energies and vibrational spectra in the harmonic approximation using the
PBE functional and “tight” settings. Visual inspection of these spectra allowed us to choose the
structures that best correspond to those we observed experimentally. We re-computed the spectra of
all promising candidates using the PBEO functional. The resulting spectra and the corresponding
structures are shown in Fig. 6.

The calculated NH-stretch vibrational frequencies correspond remarkably well to the measured
frequencies, including the hydrogen-bonded NH stretches. However, we observe a systematic shift
between calculated and experimental frequencies of the free OH stretch vibration. Such a
discrepancy can result from (i) the possible incomplete inclusion of electron exchange and
correlation and (i) the use of a single scale factor to globally account for vibrational anharmonicity
and nuclear quantum effects.*® The former issue is resolved by the use of the PBEO hybrid
functional with exact Hartree-Fock exchange. Provided a large data set of computed vs
experimentally measured vibrational frequencies is available, the latter could be resolved by finding
scaling factors for each vibrational mode by linear regression and subsequently using them for a
system with unknown geometry. With this approach, it has been shown that these factors differ

between NH and OH stretches.”” In the absence of such a data set, we use a single scale factor to
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account for vibrational anharmonicity. In light of this, it is not surprising that the calculated OH
vibrational band is shifted from experiment, since the scale factor is largely determined by the
agreement for the more numerous NH stretch bands. Routes towards a correct simulation of the
experimental OH stretch peak positions without the need for scaling are known — simulations that
fully include anharmonic effects and a quantum mechanical treatment of the nuclear motions.
Examples are the multi-configurational time-dependent Hartree method®™® or the approximate
thermostatted ring-polymer molecular dynamics method.* However, such methodology is not yet
straightforwardly applicable to molecules of the size investigated here.

As shown in Fig. 6, we were able to assign structures that fit to the spectral signatures that we
found in peak I of the CCS distribution. Conformers A and B differ by the orientation of the
phenylalanine ring, as the experimental data suggest. Conformers A and C have different
configurations: in A the prolines are in a cis-trans configuration, while in C they are trans-cis.
Despite the difference in structure, their calculated CCS values are very close: 169 A% and 168 A2,

We measure ion mobilities at room temperature and then cool the ions in the cold ion trap.
Depending on the rate of cooling, one might expect a certain degree of re-equilibration of the
conformational distribution in this process. If the cooling is fast with respect to the isomerization
rate between conformers, kinetic trapping can occur, preventing the preferred geometries at 300 K
from converting to the low-energy, gas-phase structures at low temperature. In order to gain insight
into the dependence of the energy ordering of the different conformations on the temperature of the
molecule, we computed the energies of all 57 candidates with the PBEO functional and then
evaluated the free energy for a range of temperatures using a harmonic approximation. Figure 7
shows how the relative energies change within the CT, TC and CC categories for 3 cases: pure
potential energy (i.e., 0 K), free energy at 10 K, and free energy at 300 K. The importance of the
free energy correction can be demonstrated using the example of the conformation that corresponds
to the global minimum on the potential-energy surface (PES). It is a very compact CT structure
with a CCS of 157 A? and is not observed in the experiment. Indeed, at 300 K this conformer no

longer represents the global minimum.
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52 Figure 6. Comparison between calculated and experimental spectra for conformers A, B and C, forming peak I.

54 The corresponding structures are shown and the conformation of prolyl-peptide bonds is noted for each conformer. The
55 NH stretch vibrations in the experimental spectra are identified via isotopic labeling. For the computed spectra all

57 relevant local modes are labeled.
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Figure 7. On the left: relative potential energies within CT (black), TC (green) and CC (magenta) configurations.
On the right: the change in relative energies of the main conformers for 3 cases: pure potential energy, free energy at 10
K and free energy at 300 K. A, B and C label the experimentally observed conformations. The lowest energy TT
structure (blue) is given for a reference. The lowest-energy geometries at 300 K for TC, CT and CC configurations are

labeled as well.

The energy difference at 300 K between conformer A and the global minimum is within
0.6 meV per atom, which is at the limit of what can be resolved at this level of theory. The global
minimum at 300 K (GM 300 K in Table 1) is a CT structure that has the same hydrogen bonding
pattern as A and B but which differs from them mainly by rotation of the phenyl ring (see SI-Fig. 3).
A number of other low-energy structures at 300 K with similar H-bonding patterns and CCS as A
and B have been identified. We speculate that at 300 K the structures of the CT type are close to the
global minimum and are rapidly interconverting, while after cooling the ions in the trap we freeze
out mainly conformer A and traces of conformer B. The higher the number of similar structures
available around the global minimum, the higher is the volume of conformational space
corresponding to this basin at 300 K and, accordingly, the higher is the probability to find the
molecule there.

Note that conformer C is the lowest-energy structure in the TC category at 300 K. In general,
we observe in the experiment the low-energy geometries for CT and TC types but not of the CC

type. Further computations of energy barriers between different conformers are needed to fully
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understand why only a fraction of the available low-energy structures is observed experimentally. It
could also lead to a better understanding of the interplay between the collisional cooling rate and the

isomerization rate.

3.3.2 Extended kinetically trapped structures

While there is a relatively well-established (though computationally expensive) procedure for
searching for the global minimum on a potential energy surface, identifying kinetically trapped
conformations is challenging. One cannot rely on the energy criterion, because the kinetically
trapped structures lie, by definition, high in energy and are separated from other conformational
basins with even higher energy barriers. In this case, experimental constraints play a key role in
guiding quantum-chemical calculations. One of them is the CCS. We computed CCSs of all
geometries in the initial pool of structures, and as shown in Fig. 8(a), we considered only those that
have CCS higher than 176 A% which means they fall under peak II in the arrival-time distribution.
The energy threshold for a structure to be considered was kept as high as possible: 48 kJ/mol (0.5
eV) from the lowest-energy conformer in each type. We calculated vibrational spectra at the
PBE+MBD level for all structures that satisfied these two conditions (135 in total). This enabled a
second selection step, apart from the CCS cutoff, based on spectroscopic information:

1. In the IR spectrum of extended structures (see Fig. 4) there are two bands above 3570 cm™.
The only vibration in this molecule that can have such high frequency is OH stretch,
suggesting that there at least two conformers under the peak II of the drift-time distribution
and each of them has a free OH stretch.

2. In the IR spectrum of conformational family II there is a unique, intense band at 3538 cm™,
which is too high for a backbone NH vibration and thus corresponds to the side chain of
arginine.*> To decide if this side chain interacts with other parts of the molecule, we
compare its spectroscopic signature with those of conformers A, B and C. Their spectra
show that the asymmetric stretch of a free N-NH; of arginine appears at a frequency higher
than 3540 cm™ while the symmetric stretch occurs between 3450 cm™ and 3500 cm™. Since
the intense band in the spectrum of peak II (see Fig. 4) is slightly lower than this, we
conclude that the extended conformers have no free n-NH, groups, but a least one weakly
interacting with other parts of the molecule.

3. The free e-NH stretch of arginine should appear on 3465 cm™.”®®! The absence of this
band in the spectrum suggests that the e-NH of arginine in all the extended conformers is

hydrogen bonded.
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4. The strong bands at 3362 cm™ and 3303 cm™ are most probably the spectroscopic signature

of the free NH; " group or one weakly bound to a phenyl ring.**

5. Based on the comparison with the spectra of conformers A, B and C, the phenylalanine NH

stretch might interact with the phenyl ring, while the NH stretch of glycine appears to be

free.
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Figure 8. (a) Distribution of relative potential energies of considered conformers as a function of CCS. Those

conformations for which the vibrational spectra were computed are shown in color. The rest of the structures are shown

in grey. (b) Energy hierarchy for the lowest-energy structures of TT type. The extended structures with CCS higher

than 176 A” are shown in blue, the compact ones — in grey. The structures that are found in the experiment and several

representative low-energy structures are highlighted to show the general trend. (c) The ratio between compact and

extended (CCS higher than 176 A?%) structures among 15 lowest-energy conformers without and with temperature

correction.
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55 With these considerations we aim to rationalize the comparison between experimental and
57 simulated spectra that otherwise is easily prone to incorrect or non-precise assignment. It is

necessary to analyze the spectroscopic features manually and to perform isotopic labeling. After
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applying the criteria stated above to the simulated spectra and molecular geometries, only structures
of type TT remain, meaning that both prolyl peptide bonds are in the trans configuration. We re-
computed the IR spectra of those structures that satisfy the above criteria with the PBEO functional,
which further improved the agreement between simulated and experimental vibrational spectra (Fig.
9(a)).

Figures 8 (b) and (c) explain why we observe elongated TT structures in the ion mobility
experiment. They are more stable at 300 K than the compact structures, while the latter become
more energetically favorable at 10 K. At 300 K the elongated structures traverse the drift tube,
rapidly interconverting between the close minima on the free energy surface. Then they are
transferred to the cold ion trap, where the final structure at 10 K results from the interplay between
collisional cooling and isomerization. The fact that we observe spectroscopically the elongated
structures suggests that some of their features are preserved in the cooling process. Kinetic trapping
could occur twice during their transition from solution to our cold ion trap: in the ion source and in

the cryogenic ion trap. We observe evidence of some kinetic trapping in both cases.

4 Discussion: Overview of the conformational space of bradykinin 1-

5

Numerous NMR studies of the full bradykinin molecule indicate that in aqueous solution it

mainly adopts an all-trans conformation,'®"'*!*1¢

which is consistent with the trans bond being
slightly more stable than cis in polar environments due to its higher dipole moment.'' Two receptors
of bradykinin are known,” B1 and B2, and in the complex with the B2 receptor bradykinin is in the

13 1f the medium becomes non-polar, alternative backbone conformations involving

all-trans form.
cis prolyl peptide bonds are more competitive.”* The transfer to the gas phase has a similar effect on
its structure as the transfer to a non-polar solvent or interaction with a membrane: the conformations
involving this cis-configuration of prolyl-peptide bonds become more stable.

We observe the same type of behavior for BK[1-5]*", which acts in vivo as an inhibitor of
thrombin. An X-ray structure of the complex demonstrates that all peptide bonds in BK[1-5] remain
trans.”> We performed NMR measurements in a CD;OH:H,O mixture, which reproduces the solvent
used for the ESI experiments. Peaks were assigned using COSY and TOCSY 2D 'H spectra with
water suppression, and the assignments are supported by comparison with spectra acquired in
DMSO, where no background water signal hinders the cross-peaks. No residual secondary structure

is identified based on the Ha secondary chemical shifts, which are close to zero for all residues but

N-terminal arginine (see Table 1 in the SI).””® The ROESY 2D 'H NMR spectrum shows that 82%
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of molecules in a 50:50 water/methanol mixture adopt the trans-trans configuration (see SI-Figure
1). Three alternative conformers do not have a fully resolved spin system and thus it is difficult to
identify them.

Upon electrospraying from the same water/methanol mixture, we observe a kinetically trapped
conformational family in which all the bonds remain trans. These TT conformers are folded in such
a way that the N-terminus of the molecule remains free, while the arginine side chain interacts with
the C=0O groups of the backbone. The broad ion-mobility peak reflects the disordered behavior in
solution. Inside the drift tube at room temperature closely related conformations might be rapidly
interconverting, while at 10 K in the conditions of the cold ion trap the structure becomes well
defined. We do not observe the lowest-energy structures of the TT type in the experiment, but
rather the ones that lie quite high in energy. This means that the mechanism of kinetic trapping
involves not only cis-trans isomerization, but also H-bond rearrangement, which can have high-
energy barriers as well.

Table 1. Comparison of the major conformers identified in the present study. GM denotes the global minimum on

the corresponding energy surface.

Conf. Prolyl-peptide | Potential | Free energy at | Free energy at | CCS experiment, | CCS computed,
bond energy, 10 K, meV* 300 K, meV* A? A?
conformation meV*
GM (pot) CT -45 21 32 - 157
GM(10 K) CT 12 -24 -36 - 165
GM(300 K) CT -12 21 -50 - 168
A CT 0 0 0 167,170 169
B CT 35 30 16 167,170 169
C, lowest TC TC 76 10 -5 167,170 171
(10K and
300 K)
Lowest TT TT 280 216 111 - 175
(300 K)
D TT 394 322 204 178 177
E TT 406 336 260 178 176
F TT 398 322 225 178 177
Lowest CC CC 75 34 1 - 169

? Relative to conformer A.

Upon collisional activation, TT conformers of BK[1-5]* (i.e., the extended structures in the IM
distribution) convert to TC and CT structures (the compact ones). The relative abundances of these
conformers at different degrees of activation observed by cryogenic ion spectroscopy (see SI-Fig. 2)
suggest that first the TT to TC transition occurs, followed by TT to CT. The alternative pathway via
CC conformers is unlikely as we do not find any trace of CC conformers, even though their free

energies are close to those of conformers A and C. Further investigation of conversion paths
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between all types of structures will shed light on this issue. One explanation might be that the
barrier height between CC and the rest of the conformational space is significantly higher than
between TT and CT or TT and TC, so that the molecule fragments before sampling the CC states.

In all cases except TT, the N-terminus and arginine side chain can both form H-bonds, which
stabilize the molecule compared to TT. The external hydrogen bonds have to be substituted by
internal ones upon the removal of water. This is why in the gas phase even the lowest-energy TT
structure is significantly less stable than TC, CT and CC (Table 1). These latter three types have
compact low-energy structures with CCSs falling within peak I in the drift-time distribution. Low-
energy conformers of the TT type tend to be more extended, with CCSs close to peak II in the drift-
time distribution. Overall, the calculated CCSs presented in Table 1 agree well with the values that
we measure, given that the experimental error is estimated to be around 2 A% The compaction in the

gas phase corresponds to the effect observed for BK adhered to the surface of a micelle.”’

5 Conclusion

The combination of ion mobility and cryogenic ion spectroscopy has allowed us to characterize
all major conformations of BK[1-5]*" in the gas phase. While only two well-resolved peaks are
separated by ion mobility, we show spectroscopically that there are several conformers within each
of them. Our calculations reveal that three very different conformational families (cis-trans, trans-
cis and cis-cis) have close free energies and CCSs in the gas phase, and, by combining the
experimental spectroscopic information with first-principles simulation data, we were able to assign
them. We determine that the lowest-energy gas-phase structures of the peptide feature backbone
conformations with the two prolyl-peptide bonds in either cis-trans or trans-cis state. Both of them
fall within the more compact ion mobility peak at 167 to 170 AZ.

Kinetic trapping can occur at different points in the “life cycle” of the ion in our instrument.
First, when the ions are initially desolvated in the electrospray, the conformations coming out of
solution can be kinetically trapped behind barriers that result from internal hydrogen bonding and
separation in cis-trans states of the prolyl-peptide bonds. Second, if cold-ion spectroscopy is used,
kinetic trapping can occur when cooling the molecules. In this case, when the collisional cooling
rate is faster than the isomerization rate, the population of conformers that are higher in energy than
the global minimum can be trapped behind isomerization barriers.

We have identified the kinetically trapped conformers of BK[1-5]*" as all-trans, which is the
predominant backbone conformation type in solution. This provides the basis for further gas-phase

studies to investigate the isomerization barriers between the prolyl-peptide bond types CC, CT, TC,
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and TT and to study the extent of micro-solvation that is required to render TT more stable than the
alternative backbone types. The width of the observed IM peak and the spectroscopic signature of
the kinetically trapped conformations suggest a wide variety of structures, which is in agreement
with the intrinsic disorder in solution. In stark contrast to this, we have shown that the stable, gas-
phase cis-trans and trans-cis conformers appear to represent well-defined minima. This is
consistent with the notion that disordered peptides collapse to particular secondary structure in non-

polar media such as cell membranes.
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