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Abstract

The protonated cyclo (LTyr-LPro) and cyclo (LTyr-DPro) dipeptides based on a
diketopiperazine (DKP) ring are studied by tandem mass spectrometry in a Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer. Collision-induced dissociation (CID) and
infrared multiple-photon dissociation (IRMPD) spectroscopy results are interpreted with the aid
of quantum chemical calculations and chemical dynamics simulations. All the conformers
identified for each diastereomer, denoted c-LLH"* and c-LDH", respectively, are protonated on
the carbonyl group of the tyrosine. The most stable form has an extended structure with the
aromatic ring oriented outside the DKP ring; it is stabilized by an OH*...x interaction. Distinct
IR signatures are obtained for the extended conformers of c-LLH" and c-LDH*, which differ
by the strength of the OH™...x interaction, much stronger in c-LLH". Less stable species with
the aromatic ring folded over the DKP ring are kinetically trapped in our experimental
conditions, but their IR spectrum is identical for c-LLH* and c-LDH". The main collision-
induced dissociation products of the protonated dipeptides are analyzed using chemical
dynamics simulations. More efficient CID is observed for c-LDH*, in particular for the
formation of the iminium ion of tyrosine. In contrast to the monomers, the protonated dimers
of c-LLH" and c-LDH" show identical IR spectra. This is explained in terms of a structure
involving a single strong OH"...O interaction between subunits not sensitive to the absolute
configuration of the residues, i.e., from a folded protonated monomer to an extended neutral

monomer.
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Introduction

The shape of biopolymers like peptides and proteins is controlled by non-covalent interactions,
among which hydrogen bonds play a major role.[1] The study of short peptide chains in the gas
phase, isolated from any substrate or solvent, helps to understand the nature of these
intramolecular non-covalent interactions, which in turn influence the folding propensity of
peptides and proteins to well-defined secondary structures, such as helices or turns. The
conformational landscape of isolated neutral peptides,[2-4] including cyclic peptides,[5-8] has
been the subject of numerous studies. Protonated peptides have also been extensively studied
by mass spectrometry coupled to laser fragmentation spectroscopy, either in the IR or in the
UV range.[9-17] In addition to optical spectroscopy measurements, important structural
information on the amino-acid sequence and the secondary structure is gained from the analysis
of the collision-induced dissociation (CID) or electron-capture dissociation (ECD)
fragments,[18-28] in particular for assessing the influence of stereochemical aspects on the
structures.[29]

Among the factors structuring the supramolecular shape of peptides in a well-defined and
orderly manner, the absolute configuration of the sub-units plays an important role. Although
extensive work has been devoted to charged chiral molecules or clusters isolated in the gas
phase,[30-44] studies of the role of the residue’s chirality on the structure and reactivity of
peptides are still scarce. The influence of the residues chirality on a neutral peptide structure
has been studied for a-peptides like Val-Phe and Phe-Phe[8, 45] or capped Phe-Ala[46] and
Phe-Phe,[47] and for artificial B- or y-peptides.[6, 48, 49] As per charged species, ion mobility
experiments show that the presence of a single amino acid in an alanine polymer is indeed
enough for disrupting its regular and ordered a-helix.[50] Replacing a single Tyr residue by its
enantiomer in the Trp cage protein induces modifications detectable by ECD.[51] Vibrational
laser spectroscopy coupled to mass spectrometry evidences different structures for protonated
di- and tetra-phenylalanine depending on the absolute configuration of the residue.[52, 53]
Diastereomers peptides may also have different proton affinities.[54] Fragmentation efficiency
may be different, or not, for peptides containing residues of identical or opposite absolute
configurations. For example, ECD results are identical for the copper complexes with the cyclic
DHis-BAla-LHis-LLys and all-LHis-BAla-His-Lys peptides.[55] In contrast, fragmentation of
copper complexes of diastereomer pentapeptides leads to stereospecific fragments
intensities.[56]



We have recently examined the influence of chirality on the structure of cyclic dipeptides
containing a diketopiperazine (DKP) ring. They constitute an important class of biomolecules
due to potential anticancer or antiviral properties,[57, 58] Only a few gas-phase structural
studies of DKP peptides have been reported so far.[5, 8, 59-63] The existence of DKP vs.
oxazolone structures as CID products of polypeptides has been widely discussed.[64-67] Early
IRMPD experiments have characterized the nature of the b, fragments of protonated Ala-Ala-
Gly or Alaz; they unambiguously show that it is an oxazolone structure.[68, 69] For larger
peptides, IRMPD results and DFT calculations also suggest that the oxazolone structure is the
most stable bn fragment 7o) The CID mechanism of DKPs has been also studied, to infer whether
fragmentation directly occurs from the most stable O-protonated species or if proton transfer to
the amide nitrogen comes first.[71] This mechanism has also been tackled from a theoretical
point of view by means of chemical dynamics simulations.[72]

From the structural point of view, the DKP ring imposes rigidity to the system. The
conformation of the peptide ring is planar for cyclo (Gly-Gly)[73] but becomes out of plane for
bulky substituents. The orientation of the substituent, folded over the DKP ring or extended
outwards, strongly depends on the nature and the absolute configuration of the residues, and
the charge state.[8, 61, 74 JAmong the studied DKP peptides, cyclo (Tyr-Pro) stands out due to
the presence of a second ring, the proline. Because proline is the only a-amino acid with a
pyrrolidine ring, it induces a conformational bias resulting in structural modifications such as
Kinks in the a-helices or turns in the B-sheets. Its vibrational spectroscopy has been studied
under matrix-isolation conditions.[75] That of protonated proline, its proton-bound dimer, and
4-hydroxyproline has been studied by infrared multiple-photon dissociation (IRMPD) under
ion trap conditions.[76-78] The structure of neutral tyrosine has been widely documented under
supersonic jet conditions by laser-induced fluorescence,[79] REMPI spectroscopy,[80] and
UV-IR spectroscopy.[81-83] It is a highly flexible molecule, showing up to twelve conformers.
Each backbone structure leads to a pair of two conformers corresponding to the aromatic OH
rotamers, which cannot be distinguished by their IR spectra.[83] The conformational space of
tyrosine is reduced upon protonation, and only two pairs of conformers are observed for
protonated Tyrosine, which shows an interaction between NHs* and the aromatic ring, or
not.[12, 84-86]

Neutral cyclo (Tyr-Pro) shows two structural families under jet-cooled conditions.[5] The most
stable conformation has the aromatic substituent folded over the DKP ring as it is in the solid
state, and a flattened boat conformation of the DKP ring.[87] This structure is stabilized by a

weak CH...w interaction. A slightly higher-energy structure is also present, with a completely
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extended aromatic ring, which favors a stabilizing NH...r interaction. The influence of chirality
is limited, where cyclo (LTyr-LPro) and cyclo (LTyr—DPro) only differ from each other by the
strength of the CH...n and NH... 7 interactions.

In this work, we extend our study of neutral cyclo (Tyr-Pro)[5] to its protonated counterpart.
To this end, we resort to collision-induced dissociation (CID) experiments, as well as IRMPD
vibrational spectroscopy, coupled to quantum chemistry calculations of the structures and
chemical dynamics simulation of the collision-induced dissociation process. The aim of this
work is to assess the influence of the absolute configuration of the residues on the structure of
the molecule and its dimer, and on the CID efficiency. The molecules are shown in Figure 1
and noted in short c-LLH" and c-LDH" for protonated cyclo (LTyr-LPro) and cyclo
(LTyr-DPro), respectively.

Experimental and Theoretical Methods

1. Nomenclature of the Studied Systems

The numbering of the atoms is given in Figure 1 and is the same as previously introduced for
neutral cyclo (Tyr-Pro).[5] We choose the Newman projection along the two C«Cp bonds
defined by Young et al.[88] to visualize the orientation of the tyrosine residue. The tyrosine (Y)

orientation, shown in Figure 2a, is easily seen by looking through CEC}, while that of the proline
(P) is seen by looking through Cé“cg, see Figure 2b. Two gauche geometries, g* and g,

correspond to dihedral angles Tt (NC1CsCg) of ~ 60° and ~ -60° for the L-Tyr residue, and the
trans t geometry to T ~ 180°, as shown in Figure 2a. For proline, the conformation is determined
in a similar manner, by ©’(NC3C14C13). However, the proline orientation is always g due to the
ring constraints (Figure 2b).

In protonated cyclo (Tyr-Pro), there are four main non-equivalent protonation sites, on amide
oxygen or nitrogen atoms, as shown in Figure 2. They are called N-protonated for protonation
of the amide nitrogen of tyrosine (Ny™) or proline (Nr*) and O-protonated for protonation of the
amide oxygen of tyrosine (Ovy") or proline (Or"), respectively. For the Np*, Ov*, and Op*
protonation sites, there are two relative positions of the proton, described by the dihedral angles
TR (HC3NHY), TY (NC,0H™), and TY (NC,OH™), respectively. A structure is said to be cis (C)
if the dihedral angle is close to 0° and trans (T) when it is close to 180°. Finally, there are two
orientations of the phenol hydroxyl relative to the DKP ring, type | and type I, as described for
the neutral molecule and indicated in Figure 2.[5]



In what follows, we shall denote the cyclic nature of the peptide by c-, followed by the geometry
g*, g or t of tyrosine and g for that of proline. The tyrosine residue is always in its natural L
configuration. When not specified otherwise, the configuration of the proline is L. D
configuration is indicated in subscript. The type | or type Il position of the tyrosyl OH is also
indicated in the subscript. Finally, the protonation site and the proton orientation are specified

in parenthesis.

2. Experimental Methods

The experimental set-up rests on the Bruker hybrid APEX, 7 T Fourier transform ion cyclotron
resonance (FT-ICR) located at the mass spectrometry facility TGE ICR at the CLIO center of
the Institut de Chimie Physique (Orsay). Details of the experiments can be found elsewhere and
only specific parameters related to the present study are given below.[89]

Cyclo (Tyr-Pro) (99% purity — 99% enantiomeric purity) was purchased from Novopep Limited
(Shanghai — China) and used without further purification. lons were generated by
electrospraying a solution of cyclo (Tyr-Pro) in a 50/50 water/methanol solvent at a low
concentration (5.10° M). The electrospray ionization (ESI) conditions were as follows: flow
rate of 100 uL/h, drying gas flow of 7.5 L/min, nebulizer pressure of 1.9 bar, capillary voltage
of -4500 V, and drying gas temperature of 180 °C.

For recording the CID-MS2mass spectra of the dipeptides in the 7T FT-ICR MS, ions were first
mass-selected in a quadrupole mass filter in a 0.5 Da window. The ions were then fragmented
in a pressurized hexapole through multiple collisions with Ar by using a DC offset between -1
to -15 V and applying a radiofrequency (RF) voltage of variable amplitude for 300 ms. lons
were detected in the ICR cell at a background pressure of 10° mbar.

The IRMPD spectrum can be divided into two regions that correspond to two different IR light
sources. The Free Electron Laser (FEL) at the Centre Laser Infrarouge d’Orsay (CLIO)[90]
covers the 900-2000 cm™* region while the 2400-3700 cm™ region is provided by a table-top
optical parametric oscillator/amplifier (OPO/OPA LaserVision). IR spectra were obtained by
mass selecting the precursor ions in a 0.5 Da window, with 1s irradiation time in the 3 pm
region and 2s in the fingerprint region. In both regions, a broad-band CO- laser (Universal Laser
system, 10 W in continuous mode operation centered at A = 10.6 um) was synchronized with
the tunable IR source to sustain the fragmentation of the ions.

The CLIO FEL[90] was operated at 25 Hz with 8 ms long bunch pulses containing 0.5-3 ps
micropulses separated by 16 ns. The spectral bandwidth (full width at half-maximum FWHM)
was about 10 cm™ with a pulse energy of 1600 to 900 mW from 900 to 2000 cm™. The



wavelength calibration was ensured by simultaneously recording the spectrum of a polystyrene
sheet and that of the studied system.

The table-top IR OPO/OPA was operated at 25 Hz with a pulse duration of 4-6 ns, spectral
bandwidth 3 cm™, IR power of ~200 mW. The IR was focused at the center of the ion trap using
a ZnSe lens of 400 mm focal length.

Infrared spectra were obtained by monitoring the Ln of the fragmentation efficiency
¢ = - In (P/(F+P)) as a function of the IR wavelength, with F being the sum of the abundances

of the fragment ions produced by IRMPD and P that of the parent ion.

3. Quantum Chemistry Calculations

The potential energy surface of cyclo (Tyr-Pro)H" was carefully explored, starting from all the
minima found for the neutral molecule. The protonated species corresponding to these
conformers were obtained by protonating either the carbonyl (O protonation) or the nitrogen
(N protonation) sites. For each protonation site except the proline nitrogen, for which only one
direction of the proton is possible, the two proton orientations were considered. Due to the
cyclic nature of proline, its geometry was fixed, and only the six possible orientations of the
phenyl substituent of tyrosine were considered. The resulting 42 conformers were optimized in
the frame of the density functional theory (DFT) using the dispersion-corrected functional
B3LYP-D3[91] associated with the Pople 6-311++G(d,p) split-valence basis set.[92] The
B3LYP-D3 functional combines the good frequency description of the hybrid functional
B3LYP[93] and inclusion of empirical dispersion corrections, which might be necessary for
peptides containing an aromatic residue and to reproduce the OH...n, NH...n, and CH...n
interactions. [5, 8, 53, 59, 61, 74, 91, 94, 95] The most stable structures found thereby were re-
optimized at the M06-2X, using the same basis set, because this functional was shown to
perform better than B3LYP for systems involving dispersion and ionic hydrogen bonds.[96]
However, the relative energies of the conformers are almost identical and we shall only discuss,
in what follows, the B3LYP results. The results at the M06-2X/6-311++G(d,p) level are
compared with those at the B3LYP-D3 level in Tables S1 and S2 of the Supplementary
Information. To reduce the computational cost, the protonated cyclo (Tyr-Pro) dimer was
calculated with the same functional but the smaller 6-31+G(d,p) basis set. It was shown indeed
on the example of solid-state cyclo (Phe-Phe) that the structures and vibrational frequencies are
similar at the two levels of theory.[97] Different structures were constructed for the protonated
dimers, containing either the most stable O-protonated or the most stable N-protonated

monomer (vide infra) in interaction with either a CO or amide nitrogen of the neutral moiety.



The harmonic vibrational frequencies were calculated at the same level of theory as the
geometry optimization. The absence of imaginary frequency was checked for all local minima
found. The harmonic frequencies were scaled to account for anharmonicity and basis set
incompleteness. To this end, we used the range-specific scaling factors defined for neutral cyclo
(Tyr-Pro) as the slope of the linear regression of the ratio between harmonic and anharmonic
frequencies for all the computed structures.[5] The scaling factor for the fingerprint, the v(CH),
and the v(NH)/v(OH) region is 0.977, 0.957, 0.952, respectively. Indeed, mode-dependent
scaling factors based on an extensive library of systems improve agreement with the
experiment.[3, 98] The vibrational spectra were simulated by convoluting the harmonic
frequencies by a Lorentzian line shape (FWHM 10 cm™). All calculations were performed with
the Gaussian 09 package.[99]

4. Chemical Dynamics Simulations

We have determined the structures of the fragment ions observed in the experimental CID
spectra using an approach based on chemical dynamics. This approach was pioneered by Hase
and co-workers[100] and recently described in an exhaustive review.[101] We only report here
the technical details specific to the present work.

In this approach, we activated the fragmenting ion with excess vibrational energy. Excess
energy was distributed by a microcanonical sampling of the vibrational normal modes of the
studied reagent structure.[102] Due to the similitude in the CID spectra between the two
diastereoisomers, only ¢ — gfigp(03T) was used as the initial structure. Trajectories were
propagated at seven excess energy values (367, 392, 417, 442, 467, 492, and 517 kcal/mol).
Resorting to these high-energy values allowed completing the reaction despite the short
simulation time, so that a qualitative assignments of the CID experiments is possible. The values
were chosen to have enough fragmenting trajectories and a complete breakdown curve in the
available simulation time-scale. The initial rotational energy was sampled according to the
Boltzmann distribution at 300K.

The electronic structure of the systems was solved on-the-fly by using the RM1-D semi-
empirical Hamiltonian.[103, 104] An ensemble of 5000 trajectories per excess energy was
propagated by solving numerically Newton's equation of motion up to 20ps. The velocity Verlet
method[105] was employed with 0.1fs time step, which ensures energy conservation within
0.20 kcal/mol. The simulations were carried out by using the chemical dynamics software
VENUS[106] coupled with the MOPAC-version 5.022mn software.[107] The trajectories were

then analyzed to identify fragmentation products by using an in-house code based on graph



theory.[72] This code is similar to what was done previously[108, 109] but includes the
canonical labeling of the graph[110] to properly estimate the abundance of the isomers. It also
involves a new method to identify the formation of ion-molecule complexes.[72] The most

abundant isomers per product were then optimized at the same level of theory as the reagent.

5. Reaction rate constants calculations

The intermediate states occurring in the chemical dynamics simulations were optimized at the
B3LYP/6-31G(d,p) level of theory. The transition states separating them were identified and
calculated at the same level of theory using the standard procedure implemented in the Gaussian
09 software.[99] RRKM rate constants[111] were obtained based on energies and vibrational
frequencies of the minima and transition states. The sum and density of states were calculated

using the direct count algorithm of Beyer-Swinehart[112] with the Zhu and Hase code.[113]

Results and discussion
1. Vibrational Spectroscopy and Structure of the Monomer

1. a. IRMPD spectroscopy
The IRMPD spectra of c-LLH" and c-LDH" are shown in Figure 3. They are similar in most
spectral regions but show however small differences. In the fingerprint region, the infrared
spectra are recorded at two laser intensities. The spectrum recorded at high laser intensity allows
observing weak bands, while that at low intensity allows avoiding saturation of the most intense
transitions. A preliminary assignment of the observed bands is made based on previous results
on protonated tyrosine.[12, 114] Two intense bands characterize the lower-energy region with
maxima at ~1180 and ~1270 cm™, readily assigned to the phenol p(OH) and p(OH*) bending
modes coupled to the B(CH) bend, by comparison with protonated tyrosine. They are
highlighted in pink in the spectrum of Figure 3.[114, 115] The B(NH) range, highlighted in
orange, displays a band of weak intensity at 1462 cm™ in c-LLH*, whose counterpart is at
1466 cm™ in c-LDH*. The bands observed at 1507 cm™in ¢c-LLH* and 1514 cm™ in c-LDH",
highlighted in purple, are the signature of the aromatic B(CH) bends of tyrosine. A weak band
appears at ~1600 cm™ for both diastereoisomers. The Amide I region, highlighted in beige and
light purple, shows two intense bands centered at ~1697 / ~1743 cm™ for c-LLH* and ~1700 /
~1748 cm™ for c-LDH*, typical of the v(CN) stretch adjacent to the protonated CO and of the
v(C=0) stretch of protonated DKP rings, respectively.[61, 64] It should be mentioned that the
intensity of the former substantially decreases in the spectrum recorded at low laser intensity.

The peaks assigned to the v(CO) stretch are accompanied by a shoulder on the low-energy side;



marked with a red asterisk. Finally, the higher fragmentation efficiency of c-LDH" (vide infra)
is more visible in the low-energy range where the spectrum of c-LDH" shows saturation effects
and the appearance of a new weak band at 1118 cm, which is absent for c-LLH*.

In the high-frequency region (3000-3700 cm™), the spectra are also characterized by identical
features for the two diastereoisomers, notwithstanding a broad absorption centered at 3300 cm™
in c-LDH™ that is absent in c-LLH". For c-LLH" and c-LDH" alike, an intense band appears at
~ 3420 cm™, in a range typical of the NH stretch. An intense and narrow band takes place at
3642 cm™ and it is related to the phenol OH stretch mode of the tyrosine residue.[82, 83, 86,
116] Two bands of weaker intensity appear at 3559/3596 cm™ for c-LLH* and 3567/3596 cm™*
for c-LDH", reminiscent of the protonated v(OH™) stretch observed previously in protonated
cyclo (Phe-Phe) or cyclo (Gly-Gly).[61, 64] The presence of these bands suggests that the

proton is localized on one of the two carbonyl groups of the DKP ring.

1. b. Calculated structures of the monomers

The relative Gibbs free energies are summarized in Table 1 and the most stable conformers are
shown in Figure 4. The calculated structures can be classified into four groups corresponding
to the different protonation sites, which show very different stability. The results for type | and
I conformers (see Figure 2) are identical in terms of geometries and relative Gibbs energies,
within the error. Therefore, we will limit the discussion to the type 11 conformers. The geometric
parameters of the most stable structures are listed in Table 2.

Nitrogen-protonated structures. The N-protonated structures are higher in energy by more than
10 kcal/mol than the global O-protonated minimum, as already mentioned for other protonated
dipeptides.[61, 64, 71] The most stable structure protonated at the proline nitrogen, c-
gutg~(Np™T) orc-g;tgp=(Np*©), is found at AG = 13.1 kcal/mol or 11.7 kcal/mol for
c-LLH" and c-LDH", respectively. The folded g* orientation of the tyrosine residue allows an
NH*...m interaction between the proton on the proline nitrogen and the phenol « electron cloud.
The structures with the proton on the tyrosine nitrogen are much higher (AG> 16 kcal/mol) in
energy and will not be discussed further.

Oxygen-protonated structures. For all conformers with the proton located at the proline
carbonyl, the trans position of the proton is more stable than the cis because of the steric clash
between the proton and the adjacent amide hydrogen. For these structures, the most stable
conformer is c-g; " g=(0p*") for c-LLH* or c-g;;*gp~(0p*") for c-LDH; it is higher in
energy by 7.0 and 4.2 kcal/mol than the most stable form, respectively. In this structure, very
similar for c-LLH* and c-LDH", the aromatic ring of tyrosine is folded over the DKP ring,



allowing a CH...w interaction to take place like in the neutral. The only difference between the

two diastereomers is the nature of this CH...n interaction. It involves Cf4H for c-LLH" and C$H
for c-LDH". Such a difference was observed in the neutral as well as in neutral or protonated
cyclo (Phe-Phe) or neutral cyclo (Tyr-Tyr).[5, 8, 59, 61, 74]

The structures protonated at the tyrosine carbonyl are the most stable of all calculated structures.
In the most stable forms, namely c-t;;g=(0y*") and c-t;;g,~(0y*"), the trans geometry of
the proton and the extended geometry of the aromatic ring (t orientation) allow a strong ionic
OH"....t interaction. This results in a short distance between the proton and the center of the
aromatic ring, of 2.51 A for c-t;;g~(0,*") and 2.60 A for c-t;;gp,~(0y*"). This interaction is
not possible for the cis geometry of the proton, and the corresponding conformers are higher in
energy by 5.0 kcal/mol. When the tyrosine is in g*, i.e., folded, as in c-g;;*g~(0y*") and c-
gntgp=(0y*"), the strong OH*...m interaction cannot take place, which explains the lesser

stability of these structures. They are only stabilized by a CH...x interaction similar to that

described before. The interaction involving CSH in c-LDH* of proline is stronger than that

involving Cf4H in c-LLH", as manifested by a shorter distance between the hydrogen and the
center of the phenol group (2.50 A compared to 2.70 A) due to steric constraints induced by the
cyclic nature of proline. For these oxygen-protonated structures at the tyrosine carbonyl, the
trans geometry of the proton is more stable than the cis. Note that these folded structures are
reminiscent of the most stable structures calculated for the neutral.

The most stable conformer of c-LDH™ is less stable than that of c-LLH™ by 0.5 kcal/mol, a point
to which we shall return in the discussion. Moreover, the potential energy surface of c-LDH"
seems to be shallower. In c-LLH", the main conformer involving the OH"...x interaction,
c-t,,g‘(0Y+T), is separated from the second one by 3.8 kcal/mol. In contrast, the energy
difference between c-t,,gD‘(0y+T) and the higher-energy conformers is much smaller in c-
LDH*. In particular, the folded conformer protonated on tyrosine, c-g,;*gp~(0y*"), is

expected to be populated at room temperature.

1.c. Assignment of the experimental spectra
The experimental frequencies of the v(NH) stretch are typical of that observed for free NH in
DKP peptides, which rules out the N-protonated structures. The comparison between the v(NH)
experimental band located at 3417 / 3420 cm™ and the scaled v(NH) frequency of all the
calculated O-protonated conformers is shown in Figure 5. This comparison, together with the

relative energies, clearly indicates that the protonation at the tyrosine CO (0%) reproduces the
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experiment better than that at the proline CO (03). In particular, protonation at the O} site
would perturb the free v(NH) stretch and shift it down in frequency relative to the experiment,
due to the charge delocalization on the amide bond.[61, 64]

The main features of the IRMPD spectra are interpreted by comparison with the IR spectrum
of the most stable structures: c-t;97(0y*"), c-gn*tg=(0y*")and c-g;*g=(0,*¢) for
c-LLH* and c-t;; 9,7 (0y*"), -9t g~ (0y*") and c-g;, * gp = (0, ™¢) for c-LDH* (Figure 3).
Several bands are neither conformer nor diastereomer specific and appear in all spectra; we
describe them first in what follows. The higher-energy peak at 3642 / 3643 cm™ corresponds to
the phenol free v(OH) stretch of all conformers and the peak at 3417 / 3420 cm™ is assigned to
the v(NH) stretch. In the Amide I and Amide Il region, the band at 1743 / 1748 cm™ is assigned
to the free v(C=0) stretch while that at 1697 / 1700 cm™ is mainly described in terms of the
protonated amide CN stretch slightly coupled to the COH™ bend. Bands localized on the phenol
ring are identified at 1601 / 1603 cm™ and 1507 / 1514 cm™ and assigned to the aromatic v(C=C)
stretch analogous to the Eyy vibrations in benzene (Wilson notation) and to the in-plane aromatic
B(CH) bend. The broad band at 1271 / 1273 cm™ is assigned to superimposed transitions
assigned to modes involving B(CH) and B(OH") bending motions. Finally, the intense band at
1178/ 1183 cm™ is the phenol p(OH).

The calculated spectra also show conformer-specific bands, which are described below. The
bands with two maxima centered at 3559 / 3596 cm™ in c-LLH" and 3567/ 3596 cm™ in
c-LDH" are assigned to the v(OH™) stretch of the conformers with tyrosine in g orientation.
The higher-energy peak is assigned to the v(OH") stretch of conformers with the proton in trans
position (Oy*T) while the lower-energy one is assigned to those with the proton in cis position
(Ov*©). This observation leads to the conclusion that the conformers with tyrosine in g*
orientation are present in our experimental conditions despite their higher relative Gibbs energy
close to 5 kcal/mol in the case of c-LLH".

All bands described above are common to the two diastereomers, only shifted by a few cm™.
However, some differences are experimentally visible; in particular, a broad background
appears in the 3400 cm™ region in c-LDH* only. The calculations suggest that the v(OH™) of c-
tugp~(0y*") is shifted down in frequency due to the stabilizing OH*...x interaction, and

appears at 3410 cm™. The breadth and the red shift of the band reflect the strong interaction
between OH™ and the aromatic ring. We, therefore, assign the broad background observed for

c-LDH*to c-t;; 9, (0y*7). Inthe case of c-LLH, the calculations suggest that this broad band

should appear at a much lower frequency (3176 cm™) for c-t,,g‘(0y+T); it is therefore not
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detectable experimentally due to the low intensity of the OPO in this region and to the expected
breadth of the band due to the strong interaction.[117] In the Amide | region, the intense band
at 1697 / 1700 cm™ is assigned to the v(CN) stretch of the protonated amide coupled to the
8(C20H") bending motion. This band presents several shoulders that can be assigned to
different conformations. For the t conformers, calculations predict a band centered at 1680 /
1699 cm™. For the g* conformers, calculations predict transitions at 1710 / 1711 cm™ for the
trans conformers and at 1673 / 1676 cm* for the cis. Natural Bond Orbital (NBO) analysis was
conducted to understand this difference in vibrational frequencies.[118] It comes out that
delocalization from the CN orbital to the vicinal carbon atoms takes place in the cis conformers,
corresponding to a stabilization of 1 kcal/mol. This effect results in a weaker CN bond hence

lower frequency of the CN stretch in the cis conformers. Finally, the band at 1462 / 1446 cm™
is assigned to the v(NH) bend of the most stable conformers, c-t,,g‘(OY”) and c-
tllgD_(0Y+T)-

The experimental spectra of the monomers are well reproduced by the calculated spectra if we

consider the three most stable conformers for each diastereomer, although c-g;,* g‘(0Y+T)

and c-g,,*g‘(0y+c) should have negligible Boltzmann populations at room temperature. Early
room-temperature or cryogenic ion trap studies of biomolecules have evidenced the trapping of
several conformers that are stable in solution at room temperature.[119] Indeed, species that are
stable in solution can be kinetically trapped during the ESI process, even if they are not the
most stable in the gas phase.[115, 120-122] Including a continuum solvation model
considerably modifies the energy ordering compared to the gas phase.[123] To test whether it
could be the case for the system studied here as well, we have conducted calculations using a
continuum solvation model.[124] The energy difference between the three experimentally
observed c-LLH* conformers is reduced to 0.9 kcal/mol in aqueous solution, much smaller than
in the gas phase. This decrease in relative energy is related to the fact that in water, the free
protonated carbonyl of the g* conformers is stabilized by interacting with the solvent, in contrast
with the t conformers where it is involved in the OH"...x interaction. We should note that
considering the solvent alters not only the energy order between the different conformers but
also the relative stability of the diastereomers. The LDH" diastereomer is indeed more stable in
water by 2.8 kcal/mol. This is reminiscent of the stability order observed for neutral cyclo (Tyr-
Pro) in the gas phase and probably arises from the same reason. The most stable neutral
conformer in the gas phase is a folded g* geometry like the most stable conformer of the

protonated species in water, which is more stable for c-LDH". In chiral stationary-phase
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chromatography also, changing the eluent may modify the molecular structures and the
interaction mechanism so that the elution time of two enantiomers is reversed. [125]

The calculations also indicate that c-LDH™ is more flexible than c-LLH®. Indeed, six
conformers, i.e., three low-energy pairs considering the I and Il orientations of the phenol OH,
are predicted in the gas phase for c-LDH*, with both extended and folded geometries. In
contrast, only one low-energy pair is predicted for c-LLH", with an extended structure. We have
already observed that protonated dipeptides or tetrapeptides of alternating absolute
configuration have larger flexibility and number of calculated conformers than the

corresponding all L natural polypeptides.[53]

2. Collision-Induced Dissociation and Fragmentation Simulations of the
Monomer
Experimental breakdown curves of c-LLH" and c-LDH* (m/z 261) together with the intensity
of the main CID fragment ions as a function of the collision voltage are shown in Figure 6.
The same fragments are observed for the two diastereocisomers. However, the fragmentation
efficiency is slightly higher for c-LDH".
In what follows, we will qualitatively describe the channels leading to the experimentally
observed fragment ions, based on the mechanisms obtained in the simulations. Chemical
dynamics simulations yield all the fragmentation products experimentally observed. The ionic
fragments are listed in Table 3 together with their energy obtained from the DFT static
calculations performed on the product structures obtained from simulations. Figure 7 shows the
most abundant isomer of the product obtained for each mass; their neutral counterparts are
shown in Figure S1 of the Supplementary Information. It should be noted that these structures
are the geometries obtained from simulations, i.e., resulting from trajectories propagated at the
ps time-scale. It is likely that some of them re-arrange after a given equilibration time, since the
experiments occur on much longer time-scales, of the order of hundreds of ms.
The most intense experimental peak is due to the m/z 233 (C13H17N202") fragment, which
corresponds to the loss of 28 amu from the parent, i.e. carbon monoxide (CO), which is common
in DKP dipeptides.[126-128] This fragmentation happens at low energy, as observed in cyclo
(Gly-Gly)H*".[71] Chemical dynamics simulations allowed identifying two main m/z 233
isomeric fragments, namely, M2 and Mz, reported in Figure 7. The former corresponds to the
formation of an ion-molecule complex, already proposed for cyclo (Gly-Gly)H*,[71] while the

second is a linear structure that preserves the aromatic side chain as well as the proline ring.
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At higher collision energy, the m/z 233 ion intensity starts to decrease due to the formation of
secondary fragments. In particular, a weakly abundant fragment at m/z 205 is observed in the
MS2 spectrum of Figure 6 and corresponds to the loss of CO from m/z 233, resulting in [M-CO-
CO+H]*. This fragmentation channel is identical to that observed in cyclo (Gly-Gly)H" but its
yield is less abundant in cyclo (Tyr-Pro)H".[71]

Secondary fragmentation of m/z 233 also results in m/z 188 (C12H14aNO™), which is the third
more abundant channel whose ion yield constantly increases with collision energy. It results
mainly from the loss of neutral formamide (NH2CHO) from the m/z 233 ion. The very weak
peak at m/z 186 (C12H12NO™) is formed from H> loss from m/z 188.

m/z 136 (CsH10NO™), whose ion yield constantly increases with collision energy, appears as the
second most abundant fragment at low collision energies; it is assigned to the iminium ion of
tyrosine. Its breakdown curve shows a similar energy dependence as that observed for the
iminium formation from cyclo (Gly-Gly)H*. The main calculated mechanisms consist in the
formation of the CsONHs...CgHgNO ion-molecule complex (structure M in Figure 7) from
which the iminium ion can be easily obtained via secondary fragmentation after proton
attachment or via primary fragmentation of the parent ion following isomerization.

The fragments involving NHz loss appear at higher collision energy and correspond to channels
of lesser abundance that are identified in the simulations. The m/z 244 (C14H14NOs") peak
corresponds to the loss of ammonia from the parent ion via primary fragmentation. The
formation of m/z 216 (C13H14aNO2") can be obtained via primary fragmentation of the parent by
direct loss of formamide or via secondary fragmentation due to ammonia loss from m/z 233.
Finally, the m/z 155 (C7H11N20,") fragment does not find its counterpart in the CID spectrum
of cyclo (Gly-Gly)H"or cyclo (Ala-Ala)H".[71] It is also observed upon photoionization of
neutral cyclo (Tyr-Pro), as a fragment of the radical cation.[5] It can be formed due to the
homolytic C.-Cp cleavage of the aromatic side-chain accompanied by hydrogen transfer from
the aromatic part to the DKP ring, leading to protonated cyclo (Gly-Pro)H*. The m/z 153 peak
(C7HgN202™) corresponds to the same cleavage reaction accompanied by a hydrogen transfer
from the DKP ring to the aromatic side-chain.

The formation of m/z 154 (C7H10N202") and 107 (C7H-O") is also related to the C,-Cg cleavage
of the benzyl, but without additional hydrogen atom transfer. m/z 154 and 107 result from
homolytic or heterolytic cleavage, respectively. Other fragments that contain the aromatic side-
chain were identified, such as m/z 164 (CoH10NO;"), 147 (CoH702"), and 119 (CsH7O"). Finally,
the product ion m/z 72 (CsHsNO™) corresponds to a linear side-chain structure, as shown in

Figure 7.
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The fragmentation yield is sensitive to chirality, especially for CO loss or iminium formation,
as previously observed for cyclo (Phe-Phe)H".[61] Loss of CO leading to the m/z 233 fragment
is more efficient in the c-LDH" diastereomer at low collision energy. At higher collision energy,
m/z 233 becomes more intense for c-LLH". This is probably due to larger fragmentation
efficiency for c-LDH*, which results in more abundant secondary fragments, hence less intense
primary fragments. Iminium formation (m/z 136) and C.-Cgp cleavage of the tyrosine (m/z 155)
are also more efficient in c-LDH". Pathways involving loss of NH3 seem to be less sensitive to
chirality and the m/z 244 or m/z 188 ion yield is similar for the two diastereomers.

The analysis of chemical dynamics trajectories allows the identification of intermediate states
shown in Figure 8. Figure 8 display the reagent, denoted as REAG-01 and corresponding to the
most stable c-LLH" or c-LDH", as well as the intermediate states that successively appear in
the trajectories. We will first analyze these results qualitatively: the DKP ring opens up during
the first isomerization step; all the intermediate states are therefore linear and bear a single
chiral center. The intermediate states obtained starting from c-LLH" and c-LDH" are therefore
expected to be enantiomers to each other and have the same energy. The reaction energy is
therefore almost identical for c-LLH* and c-LDH", the only difference being the difference
between the most stable isomer of c-LLH* and c-LDH™. This would result in a slightly larger
fragmentation of c-LDH?, in line with the experimental observations. The difference is limited,
precisely because after the first reaction step leading to the intermediate states shown in Figure
8, the two systems issued from c-LLH* and c-LDH* evolve on identical potential energy
surfaces. As mentioned before, this is because the system bears a single chiral center from the
first reaction step on. This explanation is only qualitative, as it does not take into account the
barrier leading to this first intermediate, which is the step responsible for the stereoselectivity
of the reaction. For more quantitative analysis, we have therefore optimized all the structures
shown in Figure 8 and determined the structure and energy of the transition state between them.
The corresponding values are given in Figure S2 in the Supplementary Information. These
energy values must be taken with caution for the following reasons: first, due to computational
cost, the calculations are performed at a lower level (6-31G(d,p)) than the optimization of the
conformers of c-LLH" and c-LDH", which introduces some uncertainty on the calculated
values. For example, the energy difference between c-LDH"* and c-LLH" is 0.5 kcal/mol at the
6-311++G(d,p) level and 1.6 kcal/mol at the 6-31G(d,p) level. Second, the reaction path
depicted in Figure 8 is one reaction path among others obtained from simulations, but, due to

the complexity of the potential energy surface, it is possible that lower-energy pathways exist.
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Then, using RRKM theory, we calculated the rate constants corresponding to the first steps:
from reactant to first intermediate (k12), the back reaction (k21) and the reaction involving the
step connecting the first intermediate with the following one (k23), from which we assume the
reaction is done and where the two surfaces are almost identical. RRKM rate constants rest on
numerous hypotheses, among which the equilibrium of the reactants, which might be not
fulfilled in our experimental conditions in particular concerning reactions starting from
intermediate ions. A complete theoretical study of the reaction is beyond the scope of this paper.
However, qualitative information can be drawn from the energetics shown in Figure S2 and the
RRKM results shown in Figure 9. First, the rate-limiting steps are at the early stage of the
reaction, which can be described in terms of concomitant C4-N cleavage (opening of the peptide
ring) and cis - trans isomerization of the peptide bond. The following steps involve less
energetically demanding proton transfer or large-amplitude motions of the substituents. Second,
the energy values associated with the first step (transition state and intermediate Int01) are
different for c-LDH™ and c-LLH". Then, the difference vanishes, as mentioned above, because
the two systems evolve on enantiomeric potential energy surfaces. Last, analysis of the RRKM
results shows that ka1 > ks for c-LLH" while ka3 > ko1 for c-LDH". In other words, the reaction
tends to go forwards for c-LDH* while the back reaction towards the reactants is more efficient
in c-LLH*, which is compatible with the slightly larger fragmentation efficiency observed
experimentally for c-LDH".

3. Vibrational Spectroscopy and Structure of the Dimer

The IRMPD spectra of the c-LL and c-LD protonated dimers are shown in Figure 10. The two
diastereoisomers exhibit identical IRMPD features within the error. First, the fingerprint region
is dominated by two intense bands in the region of the B(OH) and B(OH™) bending modes,
which look identical for the two dimers (1186/1184 and 1283/1281 cm™) and an intense band
corresponding at the v(CO) stretch region at ~1740 cm™*. Between these bands, three bands of
weaker intensity appear at a similar position as in the monomer. In the high-frequency region,
the spectra are dominated by two intense and narrow bands corresponding to the NH stretch at
~3430 cm™ and to the phenol OH stretch at ~3640 cm™.

The spectra of the dimers are very close to those of the monomers recorded at low laser
intensity, except that the v(OH") stretch bands observed for the monomer in the 3550 -

3600 cm range disappear in the dimers. This suggests that the two monomers are linked by an
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OH"...X interaction. Moreover, the v(NH) and v(CO) stretch frequencies appear at the same
position as in the monomer, which allows excluding the formation of dimers involving two
intramolecular NH...OC bonds, as it is the case for the neutral cyclo (Phe-Phe) dimer.[97]
Because the experimental spectra of the protonated dimers are identical for c-LL and c-LD, we
have performed calculations for c-LL only. Several starting structures of the dimer were
considered, which can be classified into different families depending on the proton location.
For each of these families, folded or extended geometries of the hydroxy-benzyl substituent
were considered. The families with the proton on the proline nitrogen are, as mentioned for the
monomer, much less stable than those with the proton located on either of the amide CO groups.
The structures involving an NH*...N interaction are above the global minimum by more than
25 kcal/mol. Those involving an OH"...N or NH"...O interaction are calculated between 16
and 20 kcal/mol above the global minimum. These structures will not be discussed further.
Numerous structures are found below 5 kcal/mol, with the proton located on the proline or
tyrosine oxygen, and forming a strong hydrogen bond with either the proline or tyrosine oxygen
of the second c-LL, which results in a shared proton (see Figure 11). Although protonation on
the proline oxygen is less stable in the monomer, the structure with a shared proton between the
two proline oxygen atoms, OH"pro...Opro, is N0t very high in energy (2.1 kcal/mol,) and deserves
to be discussed. Its stability stems from the folded position of the phenol substituents, which
allows their OH groups to interact with each other. However, the interaction between the two
hydroxyls should lead to two different v(OH) frequencies, at odd with the experimental results.
Therefore, we can discard this structure. The structures with shared proton between the tyrosine
and proline oxygen atoms encompass the most stable structure, OH*1yr...Opro. This structure is
stabilized by the interaction between an aromatic OH and the other part of the dimer, which
does not account for the experimental result.

All the other stable structures below 5 kcal/mol correspond to a shared proton between the two
tyrosine amide oxygen atoms. In these structures, there is no strong energetic preference for
neither folded nor extended orientation of the aromatic substituent. These structures will be
called OH"ryr...OTyr, with the index E when the aromatic substituent is extended. Each of these
structures displays two variants, depending on the lone pair of the CO involved in the hydrogen
bond. The structures with the two aromatic rings on opposite sides of the hydrogen bond will
be denoted by " to differentiate them from those with the two aromatic rings on the same side
of the hydrogen bond. The folded structures are more stable than the extended structures. More
stability is also observed for the structures with the two aromatic substituents on the same side

of the hydrogen bond. The best match with the experiment is obtained for the spectra of
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OHryr...O1yre and OHrye...OTyr”, shown in Figure 10 together with the experiment. A
disagreement in the intensity of the lower-energy band is observed. This can be due to saturation
effects, as observed already for the monomer for which the intensity of these bands was
underestimated in the calculations compared to the spectrum recorded at high laser intensity.
These structures are the two variants with aromatic rings on the same or on opposite sides of
the hydrogen bond of a dimer with a shared proton between the two tyrosine CO. One of the
monomers is folded while the other one has the extended structure that is the most stable in the
neutral monomer.

The cohesion of the proton-bound dimer results from a single strong hydrogen bond, which can
be seen as a shared proton.[129-131] The description of this strong interaction is very
challenging and requires theoretical developments that go beyond the harmonic
approximation.[132] The vibrational modes are indeed very anharmonic, which explains the
non-perfect match between the experiment and the calculations in the fingerprint region. On
the other hand, the subunits contained in the dimer are not those that are chirality sensitive.
Indeed, the OH™...x interaction responsible for the difference between c-LLH" and c-LDH"
does not longer exist in the dimer due to the involvement of OH" in the intermolecular
interaction. This, added to the presence of a single interaction between the two moieties, makes

the spectrum of the protonated dimer identical for c-LL and c-LD.

Conclusion

The IRMPD spectrum of both protonated c-LLH* and c-LDH* monomers is well reproduced
by several conformers that all have the proton localized on the amide oxygen of the tyrosine
residue. The structures with the proton at other protonation sites, i.e., oxygen of the proline or
nitrogen, are much higher in energy and are not observed in our experimental conditions. The
most stable structure is common to c-LLH" and c-LDH" and is an extended structure stabilized
by an OH"...xw intramolecular interaction, which is stronger in c-LLH*. Additional conformers
contribute to the experimental spectrum, with the benzyl ring folded over the DKP ring, and
different orientation, cis or trans, of the proton. These conformers are stabilized by a weak
CH...rw interaction. Their relative energy is below 2 kcal/mol for c-LDH™ and ~5 kcal/mol for
c-LLH*, which points towards a larger flexibility of c-LDH*, as already supposed for other
peptides. However, the gas-phase energies must be taken with caution and the observed

spectrum probably reflect the structure in solution that is kinetically trapped.
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In addition to the energetics, small structural differences are observed between c-LLH" and
c-LDH". The folded conformers differ in the nature of the CH... w interaction, as do the neutral
species, which has no consequence on the IR spectra.

cyclo (Tyr-Pro) contrasts with cyclo (Phe-Phe) in which neutral and protonated forms have
similar most stable structures. In cyclo (Tyr-Pro), the most stable neutral structure is folded
while the most stable protonated form is an extended structure. Moreover, neutral cyclo (Tyr-
Pro) stands out among the DKP dipeptides we have studied as it shows heterochiral preference.
The Gibbs energy of neutral c-LD is 2 kcal/mol lower than that of neutral c-LL. The opposite
is true in the protonated form and the homochiral c-LLH" form is the most stable. The presence
of the proton allows unfolding the molecule, which in turn results in larger stability of c-LLH"
vs. c-LDH". Also, the extended structures show more distinct spectroscopic signatures for c-
LLH" vs. c-LDH" than the folded structures in the neutral forms do, or the most stable structure
in protonated cyclo (Phe-Phe) does. Interestingly, the extended structure is the most
differentiating one in terms of chirality and the most stable one in protonated cyclo (Tyr-Pro).
This contrasts with protonated cyclo (Phe-Phe) in which higher-energy structures were the
discriminating ones. Whether the most stable forms or higher-energy structures are responsible
for chiral discrimination has been discussed already for explaining chiral-phase
chromatography separation mechanisms.[133]

While the c-LL and c-LD protonated monomers show distinct spectroscopic signatures, this is
not the case for the protonated dimer. The lack of discrimination in the dimer arises from two
points: first, there is a single strong OH®...O interaction, which makes the system floppy and
not specific as observed for the protonated complex between camphor and alanine or for amino
acid dimers.[134, 135] Second, the sub-units contained in the dimer are precisely those that are
not selective, i.e., the folded protonated subunit and the extended neutral monomer.

The larger stability of c-LLH" is also manifested by a slightly larger fragmentation efficiency
for c-LD H™. This difference can be rationalized in terms of different reactant energies, c-LLH"
being more stable, but identical intermediate states after the first reaction step. This intermediate
step results from the opening of the DKP ring. As a result, it only bears one chiral center, which
explains that its energy is the same for the c-LLH" and c-LDH" reagents. After this first reaction
step, the two diastereomer systems evolve on identical potential energy surfaces, which in turn
explains the limited sensitivity of the fragmentation process to stereochemical factors. This
observation paves the way to further studies of stereochemical effects in DKP-based molecules,

which are currently in progress.
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AG AG

Name (kcal/mol) Name (kcal/mol)

. (0r) 9.5 (0 6.8

P R ) 7.0 ) 4.2

; c-gug (©) i C-gugo (©") o

s (Op*7) 75 (0T 6.4

2 B c-tng’ (G 136 C-tngo (G w2

g (0p*) 115 (Op*T) 10.5
S
(@]

a (v 4.7 o (0v9) 16

© 2| MY op 338 “OrE oy 0.5

é carg (Ov*©) 7.4 o (Ov*©) 4.6

2 (Ov*T) 5.4 (Ov'T) 3.3

3 c-tug O >0 c-tugo (O >4

(Ov'T) 0.0 (Ov'T) 0.1

C-g||+g' (NY+) 16.3 C-On'do’ (NY+) 16.6

C-g||+g' (Np+T) 13.1 C-g||+gD' (Np+T) 11.7

Table 1: Relative Gibbs free energy AG of the most stable calculated structures for each
protonation site, for type Il hydroxyl orientation. The zero of the scale is taken at the most stable
conformer for each diastereomer. The most stable c-LDH™ conformer is 0.5 kcal/mol higher in
energy than the most stable c-LLH*. AG was calculated at standard ambient pressure and
temperature: 298.15 K, 1 atm. Please note that the most stable isomer of c-LDH™ belongs to the
type | hydroxyl orientation and is not shown here.



Rotamers DKP ring Proline ring ) ]
Name Interaction distance
T o1 Y1 o1 )7 Y2 2 A B C D E

c-tng (Ov*T) -178 -32 27 6 -34 29 2 3 -26 39 -36 21 2.51 COH*...my

c-gug(Oy'™M) 65 -7 17 -30 28 -16 7 -11 -15 35 -41 33 2.69 CiPH...my
c-gu*g(Oy*©) 67 -9 17 -29 27 -15 8 -8 -18 36 -41 31 2.74 CiPH...my
c-tugo (Oy*") -179 26 -23 -2 24 -22 -3 0 24 -38 37 -24 2.60 COH*...my
c-gu*go(Ov*T) 61 26 -19 -12 35 -28 -1 1 23 -39 38 -25 2.49 Cs*H...my
c-gu'go(Ov*©) 62 27 -20 -12 35 -28 -1 1 24 -39 38 -25 2.47 C:*H...my

T (N C:GCs Ce) (|)1 (Cz N Cs C4) Y1 (N Cs:Cs N) 1 (Cs CsN Cl) (I)z (C4 N Cy Cz) Y2 (N C.C N) 02 (C1 C2>N Cs)
Nomenclature
A(C3N C12C13) B(NC12C13C1) C(C12C13C14C3)  D(C13C1aCsN)  E(C1aCs3N Cyp)

Table 2: Geometric parameters of the most stable structures. Angles are in degree (°) and distances in Angstroms (A).



Molecular AE
formula of (kcal/mol)
Experimentall the ionic Molecular formula of the
m/z fragment neutral fragment
261.12 C14H17N203*
244.10 C14H14aNO3™  |NH3 154
233.13 C1sH17N202" |CO 63.3 (81.7)
. |CH3NO 56.5
216.10 C13H14NO2 co NHs 9.9
205.13 C12H17N20*  |CO (6{0) (35.4)
CH:NO CO 69.6
188.11 CizHuNO™ o5 CO  NH; 43.0
. [CH:NO CO  Hq 96.6
186.09 C12H12NO co co NHs Hs 599
. |CsH7NO 62.8
164.07 CoH10NO2 CaHIN co 728
155.08 C7H11N202"  |C7HsO 62.6
C7H10N202" 65.1
154.07 [2] C7H:0 [2] '
153.07 C7H9N20," C7HsO 81.6
CsH10N20O 42.6
147.04 CoH;02* CsH7N CHsNO 96.6
CsH7N CO NH3 69.9
CsH7NO2 97.6
136.08 CgH1oNO* CsH/,NO CO 53.2
CsH7N CcO CcO 63.3
119.05 CsH,0O" CsH7N CH3NO CO 126.9
C7H10N202 67.2
+ CsHsN202 CoH4 116.7
107.05 C-sH-0 CaHaN205 CaHe 777
C3H3NO2 CsH7N 1415
72.04 CsHsNO™ C11H11NO2 82.5

Table 3: Assignment of the m/z peaks experimentally observed to the ionic fragment resulting from the chemical
dynamics simulations. The most abundant isomers of the product corresponding to each m/z peak is shown in Figure
7 for the ionic fragments and in Figure S1 of the supporting information for the neutral loss. For each m/z value, AE
|is the reaction energy-computed at the DFT/B3LYP/6-311++g(d,p) level of the most stable isomer obtained by the
chemical dynamic simulations. The values are relative to the most stable reagent c-tug- (Oy*"). The number in bracket
is the spin multiplicity. When not specified otherwise, the value is one. The value in parenthesis is the formation
energy of the ion-molecule complexes.



c-LLH*

Figure 1. Structure of protonated cyclo (Tyr-Pro) and atom numbering, on the example of protonation at the amide oxygen of tyrosine.



b)

g position of D-Pro

Figure 2. a) Newman projection along Cu1Cps for L-tyrosine, with the hydroxy-benzyl in g* orientation. The possible orientations are indicated by circled
letters g7, g*, and t. The hydroxyl geometry is denoted as type | for anticlockwise orientation or type Il for clockwise orientation.

b) Newman projection along Cu3Cp14 for D-proline showing the g~ conformation.

The different protonated sites are indicated by Oy or Op for oxygen protonation at the tyrosine or proline, respectively and Ny or Np for nitrogen protonation.



c-tyg~(0y'7)

&/ﬂ A M ’k (,,_ ~— N A J\

c-gu*g(0+°T) }

A \} lj‘\lm?wl fu-’T\_/$ )‘K = A il 1N,
RYTOTON Y S !

1000 1400 1600 1800 3000 3200 3400 3600
viem')
B(OH) & B{CH} v(CO) viOH*)
P{OH") PINH) v(CN) viNH} v(OH)
- =
4 ~ Sv 3642
c 7% ev .
S _4 ® & . vA Cc-LLH |~ ©
53 2l = | -2 S 1/ 2 54
c - - KN e o *l/] Be
gz v |1 vl v [N ¥ av
252 LA AR A ) A VA
E J" [r \ | l A 3 "J I."-\- \ R I"
o l\ A 4\ } . | ‘__, ll i (P aut ~ - Ly ~
~
) B89 23 3643
g 4 o 'V- Y :‘ “v §
= - - e v +
83 |, T g% 2 /| cLDH ¢ B
g E v v “',' 29
E 52 N oy,
w SaNoha i N \‘\V\_,.J
1%00 1200 1400 1600 1800 3000 3200 3400 3600

viem')

\ c-tygp(0y'7)

-

Af gn " 8p (OY T)
\
e, lfﬁjll, h o J’I\J ; 4/’]\ _1} I\\
c-gn " gp (0y™)
Ay J J'jl\ I | rTU“’"T\x’T\} k k 34:) & MI\

1000 1200 1400 1600 1800 3000 3200
vicm')

¢
/zjlxak“?ur/M\-ﬂf\-’

Figure 3. Experimental IRMPD spectra (middle) in the fingerprint region (left) for two laser intensities and in

the 3 um region (right). Simulated IR spectrum of the most stable conformers of c-LLH* (top) and c-LDH*
(bottom). The bandwidth of the simulated spectra is 10 cm™.
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Protonated at tyrosine oxygen

JJ. ‘«O

c-g,*g(0y*7)
AG = 3.8 kcal/mol

c-gy*gp(0y*7)
AG = 0.5 kcal/mol

€-8,*9p(0y*°)
AG = 1.6 kcal/mol

Protonated at proline oxygen

,*.{’\v

‘a"l/

c-g,*g(0:*7)
AG = 7.0 keal/mol

"‘fafi

g2

c-8,*9o(0p*7)
AG = 4.2 kcal/mol

Protonated at tyrosine nitrogen

c-gydo(Ny*)
AG = 16.6 kcal/mol

Protonated at proline nitrogen

z‘g.

JJ.‘

c-g,°'g" (NP*T)
AG = 13.1 kcal/mol

%°
ATP
a“ "J‘

c-gy'dp (NP’C)
AG = 11.7 kcal/mol

Figure 4. Most stable calculated structures for each protonation site. The hydrogen bonds are indicated by a red line. The Gibbs free energy AG is given for
each conformer. The zero of the scale is taken at the most stable conformer for each diastereomer. The most stable c-LDH* conformer is 0.5 kcal/mol above the
most stable c-LLH*.
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a) Comparison of the total fragmentation yield of the two diastereomers.

b) Breakdown curve of the parent (m/z 261) and main fragments
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Figure 8: The optimized structure of the reagents (REAG:01), the intermediate states (I1SO:02 to :04) occurring
during the chemical dynamic simulation, as well as that of the transition states (TS) separating them (see text).
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Figure 10. Experimental IRMPD spectra (top) of the protonated dimer of c-LL and c-LD in the fingerprint
region (left) and in the 3um region (right). The different vibrations are highlighted in different colors and
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Figure 11. Stable calculated structures of the c-LL protonated dimer with the proton located on one of the
amide oxygens. The structures used for the assignment are in bold letters. The relative Gibbs free energy are
indicated for each structure.
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AE \ AG
(kcal/mol)
Name B3LYP-D3  M06-2X | B3LYP-D3  M06-2X
c-0*g (0p*C) 8.7 7.7 9.2 8.6
c-0'g (0p'T) 6.1 5.0 6.9 6.0
c-gtg (Ov*©) 4.6 3.4 5.3 4.3
c-gtg (Oy'T) 3.7 2.5 4.1 3.7
c-gr g (Op*©) 9.5 9.0 9.0 8.7
c-grg (Op'T) 8.4 8.2 7.6 7.7
c-grg (Ov*©) 7.6 7.1 7.3 7.0
c-grg (Oy'T) 5.5 5.1 5.3 5.0
c-tug (O0p*) 14.4 13.9 14.0 13.6
c-tig (Op*T) 12.3 11.7 11.8 11.4
c-tig (Ov*©) 9.3 8.6 9.0 8.5
c-tig (Ov*T) 0.1 0.1 0.1 0.0
c-gnt g (0p*C) 8.9 7.9 9.5 8.8
c-gntg (0p*T) 6.3 5.1 7.0 6.1
c-gn* g (Oy*®) 4.0 2.6 47 3.7
c-gi* g (Oy'T) 3.1 1.8 3.8 3.0
c-gir g (Op*©) 9.3 8.8 8.9 8.6
c-gir g (Op'T) 8.3 8.2 75 7.6
c-girg (Ov*©) 7.7 7.2 7.4 7.1
c-gi g (Oy*'T) 5.6 5.2 5.4 5.1
c-tug (0p*©) 14.1 13.6 13.6 13.4
c-tug (Op'T) 12.0 11.5 11.5 11.2
c-tug (Oy™) 9.4 8.6 9.0 8.4
c-tug (Ov*T) 0.0 0.0 0.0 0.0

Table S1: The relative electronic energy (AE) of c-LLH" at OK corrected by the zero-point
vibrational energy and the relative Gibbs free energy (AG) at standard ambient pressure and
temperature (298.15 K, 1 atm) calculated employing two different functionals B3LYP-D3 and
MO06-2X and the same basis set 6-311++G(d,p).



AE | AG
(kcal/mol)
Name B3LYP-D3  MO06-2X | B3LYP-D3  M06-2X
c-gr* go™ ( Op*) 6.2 6.2 6.7 6.1
c-gr* go (Op'T) 35 3.4 4.0 33
c-0r" go (Ov*©) 1.8 1.7 2.3 1.6
c-gr*go (Ov'T) 0.7 0.7 1.1 0.5
c-gr go (0p*C) 9.1 10.0 8.0 8.2
c-grgo (Op'T) 7.6 8.6 6.6 6.7
c-grgo (Oy*©) 5.2 6.3 45 4.9
c-grgo (Oy'™) 3.9 5.0 3.1 3.6
c-tugo (Op*C) 13.6 14.5 12.7 13.0
c-tign (0p*'T) 11.3 12.2 10.4 10.6
c-tign (Oy*C) 5.5 5.9 5.0 4.8
c-tigo (Ov'T) 0.7 1.5 0.0 0.3
c-gi* go™ (O0p*) 6.4 6.4 6.8 6.3
c-git go (Op*T) 3.7 3.6 4.2 35
c-gn*go (Ov*©) 1.1 0.9 1.6 1.0
c-gi* go (Ov*T) 0.0 0.0 0.5 0.0
c-gir go” ( 0p*C) 8.7 9.6 7.7 7.8
c-gngo (Op'T) 7.3 8.3 6.4 6.5
c-gir go” (Oy*®) 5.2 6.3 4.6 5.0
c-girgo (Oy'T) 4.0 5.1 3.3 3.8
c-tugo (0p*C) 13.6 14.6 12.7 13.1
c-tugo (Op'T) 11.4 12.4 10.5 10.8
ctugo (Ov*©) 6.0 6.5 5.4 5.2
c-tugo (Ovy*T) 0.6 1.4 0.1 0.3

Table S2: The relative electronic energy of c-LDH* (AE) at OK corrected by the zero-point
vibrational energy and the relative Gibbs free energy (AG) at standard ambient pressure and
temperature (298.15 K, 1 atm) calculated employing two different functionals B3LYP-D3 and
MO06-2X and the same basis set 6-311++G(d,p).
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Figure S1: Structure and molecular formula of the most abundant calculated isomers for the
neutral fragments.
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Figure S2: The optimized structure of the reagents (REAG:01), the intermediate states (1SO:02
to :04) occurring during the chemical dynamic simulation, as well as that of the transition states
(TS) separating them. The relative ZPE-corrected energy is given for each structure and is
calculated at the B3LYP-D3/6-311++g(d,p) level of theory. The values reported are relative to

the most stable isomer of the reagent.
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