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Abstract

The role of stereochemical factors on the structure and the fragmentation paths of the protonated
cyclic dipeptide cyclo histidine-phenylalanine is studied under ion traps conditions by combining
tandem mass spectrometry, laser spectroscopy, quantum chemical calculations and chemical
dynamics simulations. Vibrational spectroscopy obtained by Infrared Multiple Photon Dissociation
(IRMPD) reveals a small difference between the two diastereomers, c-LLH*, and c-LDH?, arising mainly
from ancillary CH...w interactions. In contrast, there is a strong influence of the residues chirality on
the collision-induced dissociation (CID) processes. Chemical dynamics simulations rationalize this
effect, and evidence that proton mobility takes place, allowing isomerization to intermediate cyclic
structures that are different for c-LLH* and c-LDH, resulting in different barriers to proton mobility.
This effect is related to the protonation of the imidazole ring. It contrasts with the minute
stereochemical effects observed for other cyclic dipeptides in which the proton is borne by an amide
Co.
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Introduction

Analytical techniques like chiral-phase chromatography have proven to be an efficient tool in
separating and analyzing chiral molecules.! However, they do not provide direct information on the
molecular structure or the interactions at play in the separation process. Coupled with electrospray
ionization (ESI) or Matrix-Assisted Laser Desorption lonization (MALDI) sources, mass spectrometry
(MS) allows characterizing complex biomolecules. Combined with ion activation techniques, it provides
in particular ample sequence information on peptides.?® A challenging aspect of MS is that it is blind
to chirality. Enantiomers or diastereomers cannot be distinguished by sole single-stage MS, due to
their identical masses. Separation of diastereomers by ion mobility prior to MS analysis has been
proposed, for example, for alanine polymers, and evidences that changing the absolute configuration
of a single amino acid disrupts its regular helical shape.” Combination of cationization, multimer ions
formation, and traveling wave ion mobility has been applied to the separation of diastereomers.®
Information can also be gained from multistage mass spectrometry MS", resorting to activation
methods like electron-capture dissociation (ECD), applicable to multiply charged cations, or collision-
induced dissociation (CID), applicable to a wider range of charged species, in particular peptides.’*°
Diastereomers may show different fragmentation patterns, such as the Trp cage protein. The change
in the absolute configuration of a single Tyr residue induces structural modifications that manifest
themselves in its ECD pattern.!! MS hyphenated with laser spectroscopy allows precise structural
characterization of biomolecules under isolated conditions. This technique was recently applied in the
UV and IR range to study stereochemical aspects.'? Diastereomers of alkaloids and their dimers have
been distinguished by UV-induced fragmentation.’** Infra-Red Multiple Photon Dissociation (IRMPD)
spectroscopy is a powerful tool studying the structure of, among others, protonated peptides,*>*° their
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reaction products, or their post-translational modifications. It was used to characterize the

structural differences between protonated di- and tetra-phenylalanine arising from different absolute
configurations of the residues and stereochemical effects in 4-hydroxyproline.?*%’

A wealth of collision-induced dissociation studies has been devoted to peptide structure determination
as well as the parameters that influence the dissociation efficiency.>*28 In particular, the nature of the
dissociation mechanism has been debated within the frame of the mobile proton model.* % 231 This
model states that activation of the ion induces migration of the proton to various protonation sites
prior to fragmentation. It accounts in particular for the migration of the proton from the
thermodynamically most stable site to the amide NH, which weakens the amide bond and results in its
fragmentation. Often, the dominant fragmentation path is cleavage at the amide bonds, yielding a
series of ions designated b and y depending on which subunit bears the charge.®3? Further refinement
has been brought to the mobile proton model using the “pathways in competition” model.® In the
context of the mobile proton model, special attention has been paid to histidine-containing peptides.
Due to its basic character leading to the protonation of its imidazole ring, histidine plays a peculiar role
in peptide fragmentation.®® 333% For example, doubly-charged peptides containing both the acidic
aspartic acid residue (Asp) at the C-terminus and His at the N-terminus show enhanced backbone
cleavage at the C terminal relative to peptides with no His.®

Cyclic species isolated in the gas phase are exemplary systems for studying stereochemical effects on
both structure and CID efficiency because of the conjunction between constraints related to the ring
and those brought by stereochemical factors.!* 3637 Diastereomers of protonated model systems
bearing several stereogenic centers show different structures, like 1-amino-2-indanol® or 4-
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hydroxyproline.?* Besides their pharmaceutical utility*>*°, cyclic dipeptides built on a diketopiperazine



(DKP) ring are interesting model systems to assess the structural changes resulting from a change in
the relative absolute configuration of the residues. They have been studied in the gas phase, either
under supersonic conditions or as protonated species isolated in an ion trap.***® IRMPD spectroscopy,
coupled with quantum chemical calculations, indicates that the structure of protonated cyclo Phe-Phe
has one of the aromatic rings folded over the DKP ring and the other extended outwards.*® Protonated
cyclo Tyr-Pro shows two conformations, with the aromatic side chain either folded over the DKP ring
or extended outwards.*! In both cases, the structures are similar for the two diastereomers, which only
differ in the nature or strength of ancillary intramolecular interactions.*! 46

The nature of the CID products of polypeptides, namely, DKP vs. oxazolone structures, has been under
debate.?V 431 While most of the b,* fragments of peptides containing aliphatic residues mostly show
oxazolone structure, IRMPD results indicate that peptides containing histidine show coexistence of
oxazolone and diketopiperazine b,* fragments.3* 52 No general conclusion can be drawn however, and
the whole sequence plays a role in the nature of the fragment. This aspect has been recently discussed
based on MS® experiments coupled with quantum chemical calculations, which suggest the
coexistence of oxazolone and lactam for the singly protonated Gln-His-Ser tripeptide, the DKP being
disfavored by an additional reaction step.>® The fragmentation mechanism of protonated DKP
dipeptides isolated in an ion trap has been questioned too. The CID of protonated model DKPs like
cyclo Gly-Gly, cyclo Ala-Ala, or cyclo Ala-Gly,**>* has been widely debated, based on the experimental
evidence that protonated cyclo Ala-Ala loses CO and CO+NHs, while protonated cyclo Gly-Gly loses 2
CO at higher energy. This was tentatively explained in terms of fragmentation from the most stable O-
protonated tautomer or isomerization to the N-protonated tautomer before fragmentation.>*
Trajectories-based methods are widely used to account for CID results.>>>° Recent chemical dynamics
calculations have been conducted to simulate the fragmentation of cyclic dipeptide. They rest on the
development of a graph-theory based analysis of an ensemble of reactive trajectories and allow
simulating the MS? spectrum observed for cyclo Gly-GlyH*.®° They have also been applied to describe
the dissociation of cyclo Tyr-ProH*.*!

We report a study of the protonated DKP dipeptide cyclo His-Phe, under Fourier-transform ion
cyclotron resonance (FT-ICR) conditions. The molecule under study is shown in Figure 1; the two
diastereomers will be denoted in short c-LLH" and c-LDH*. Cyclo His-Phe contains a basic residue,
namely, the histidine, which is expected to be the protonation site. This contrasts with the other DKP
dipeptides we have studied so far, in which the proton is borne by the amide CO. We first compare the
IRMPD spectroscopy results to DFT-based calculation to determine the structure of c-LLH* and c-LDH*
and discuss it in particular in the light of the protonation site. We then use the determined structure
as a starting point for chemical dynamics simulations from which we deduce the MS? mass spectrum
resulting from CID of c-LLH* and c-LDH*. Comparison between simulated and experimental CID results
will shed light on the role of the absolute configuration of the residues on the CID mechanism and
efficiency.

Experimental and theoretical methods
1. Experimental methods
1l.a. Collision-induced dissociation
The experiments were based on tandem mass spectrometry in a FT-ICR mass spectrometer.®* The
setup involved the 7T FT-ICR hybrid mass spectrometer (Bruker, Apex Qe) equipped with an Apollo I
electrospray ionization source of the SMAS (Spectrométrie de Masse, Analyse et Spectroscopie) facility
at the Centre Laser Infrarouge d’Orsay (CLIO).%*%% The protonated species were generated by
electrospray of the studied DKP peptide at a concentration of 50 uM in a mixture of methanol and



water (50:50). The solution was slightly acidified by adding formic acid (concentration of ~10°M). The
dipeptides were obtained from Novopep (China) (98% purity) and used as provided. For collision-
induced dissociation experiments, the ions selected in the quadrupole were accumulated for 1 second
in the hexapole containing argon buffer gas. MS? spectra were obtained at different collision energy
by adjusting the collision voltage, as described in the results section. Each point of the MS? spectra
corresponds to a different acquisition; the experiments were repeated several times and the error on
the branching ratios is less than 2%.
1.b. Spectroscopic methods

Vibrational spectra were obtained by means of Infrared Multiple Photon Dissociation (IRMPD) in
the fingerprint (800-2000 cm™) and OH or NH stretch (3000-3800 cm™) regions.” After mass-selection
in the quadrupole and thermalization in the hexapole, the ions were transferred to the ICR cell, where
they were irradiated. The IRMPD spectra were obtained by monitoring the Ln of the total
fragmentation efficiency ¢=-In(P/(F + P)) as a function of the IR wavelength, with F and P being the
sum of the fragment and parent ion abundances, respectively.
For the 800-2000 cm™ region, the CLIO free-electron laser (FEL) (25Hz repetition rate) was mildly
focused by a 2000 mm Ag-protected spherical mirror to a beam diameter of ~1 mm at the interaction
zone.®? The spectral bandwidth (full width at half-maximum FWHM) was about 7 cm™, with a power of
1600 to 900 mW from 800 to 2000 cm™. The wavelength was calibrated by simultaneously recording
the spectrum of a polystyrene sheet. An additional broadband CO; laser synchronized with CLIO was
used during irradiation to increase fragmentation efficiency; its pulse length was adjusted to minimize
non-resonant photo-dissociation of the molecule. For the 3 um spectral region, an IR Optical
Parametric Oscillator (LaserVision OPO, 25 Hz, 5-10 mJ/pulse) was slightly focused by the same
spherical mirror.
The irradiation time was adjusted to avoid saturation of the most intense transitions, i.e., to keep ¢<1.
In the CLIO FEL region, the irradiation time was between 250 ms and 1s, and in the OPO range, it was
2s with the CO; irradiation fixed at 10 ms.

2. Theoretical methods
2.a. Calculations of the stable structures

The potential energy surface (PES) was explored using the OPLS-2005 force fields with the
advanced conformational search implemented in the MacroModel suite, a part of the Schrodinger
package.®® The PES was explored in the gas phase, using as a starting point each possible protonation
site (imidazole, oxygen and nitrogen atoms of each amide bond). All the protonated peptides
structures found thereby with energy below 5 kcal/mol relative to the most stable form were
optimized in the frame of the Density Functional Theory (DFT) using the dispersion-corrected
functional B3LYP-D3 associated with the 6-311++G(d,p) basis set.®>®” Inclusion of empirical dispersion
corrections is important for peptides with aromatic residues, in particular to account for OH...it, NH...Tt,
and CH....t, interactions.®®7° For a more complete survey of the PES, structures were also built from the
most stable neutral conformers of cyclo Phe-Phe and adding a proton on the imidazole nitrogen of the
histidine residue.” The vibrational spectra were simulated by convoluting the harmonic frequencies
obtained at the same level of calculation by a Lorentzian line shape (FWHM 10 cm™). The harmonic
frequencies were scaled by 0.97 in the 800-2000 cm™ region and 0.955 in the 3000-3800 cm™ range to
account for anharmonicity and basis set incompleteness.®® These range-specific scaling factors are
identical to those used for other protonated cyclic dipeptides.*" ¢ They were determined for an
analogous DKP peptide, cyclo tyrosine-proline, by the slope of the linear regression of the ratio



between harmonic and anharmonic frequencies obtained for all the computed structures.*? Indeed,
mode-dependent scaling factors based on an extensive library of systems improve agreement with the
experiment.”>”® The assignment of the spectra to calculated structures is made based on a good
agreement between simulated and experimental spectra and on energetic considerations. An
estimation of the conformers populations was given using Boltzmann populations in vacuum at room
temperature. However, these numbers must be taken with caution, as discussed below, because of
solvation and kinetic trapping effects. All calculations were performed with the Gaussian 09 package.’*

2.b. Molecular dynamics methods

A detailed picture of the unimolecular dissociation in both diastereomers was obtained through
Chemical Molecular Dynamics (MD) simulations. This method is generally called chemical dynamics
since the forces are calculated “on the fly” using quantum chemistry, allowing the system to react. This
approach, pioneered by Hase and co-workers,*® is based on the internal energy activation (E,) through
a microcanonical (NVE) normal mode sampling.”> An exhaustive description of the method can be
found in the recently published review.>® The general chemical dynamics software VENUS’® was
interfaced with the MOPAC package for electronic structure calculations.”” The electronic structure of
the systems was solved “on the fly” using the RM1-D semi-empirical Hamiltonian.”® This level of theory
has shown a good balance between accuracy and computational-time for the computation of
theoretical mass spectra.”” The most stable isomer found in the static calculations, to which the
experimental spectrum was assigned, was chosen as a starting structure for each diastereomer. Seven
excess vibrational energies were used for activating c-LDH*, namely, 467, 492, 517, 542, 567, 592, and
617 kcal/mol. These high-energy values allow the completion of the time-consuming theoretical
breakdown curve in the picosecond time-scale. Therefore, fragmentation is completed in the 25 ps
long MD trajectory (see below). Subsequently, to compare the fragmentation of the two
diastereomers, a single energy of 517 kcal/mol was used for c-LLH*. An ensemble of 11000 trajectories
per excess energy was propagated by numerically solving Newton's equation of motion using the
velocity Verlet algorithm with a time step (At) of 1 fs for a total integration time of 25 ps. This time
step ensures proper total energy convergence, i.e., less than 0.20 kcal/mol. The initial rotational energy
was sampled according to the Boltzmann distribution at 300K. The analysis of all the trajectories was
performed to detect the formation of both intermediate isomers and reaction products. A trajectory
was said to be reactive if more than one molecule was identified continuously during 5 ps. The
subsequent computation of the time-dependent mass spectrum was obtained following a graph-based
theory approach that has been recently developed.®® 88! For different snapshots of the trajectories,
we built a distance matrix. Imposing a distance criterion with the parameters used by Jeanvoine et al.®!
we obtain the adjacency matrix, the elements of which are 1 if two atoms are linked and 0 otherwise.
Using graph-theory algorithms, we can know whether we have a single molecule (so no fragmentation)
or more than one (resulting in fragmentation). Furthermore, it is also possible to know whether we
have the same structure as the initial one or if bond rearrangement occurs. The present approach
cannot distinguish rotamers, but only if bonds are broken and/or made. In this way, it is possible to
analyze a huge number of trajectories of complex systems and obtain the key information to identify
fragmentation products and associated mechanisms.

2.c. Nomenclature
Figure 1 displays the molecules under study and the dihedral angles t defining the orientation of the
aromatic side chains. Briefly, each benzyl substituent is called in g*, g, or t orientation when the value
of Tis around 60°, -60°, and 180°. In terms of geometry, the g* orientation corresponds to an aromatic
ring folded over the dipeptide ring, while g or t orientations correspond to extended conformations
of the aromatic side chain.



Results and discussion
1. Static Calculations

The most stable structures of c-LLH* and c-LDH* are shown in Figure 2. Their relevant structural
parameters are listed in Table 1. They all show protonation on the histidine nitrogen, as expected from
its basicity (pKa=6.0). Although structures with the proton on the oxygen are the most stable in other
DKP dipeptides,*® %° they are found much higher in energy here (> 15 kcal/mol). The energy of the
structures protonated on the amide NH is even larger (>23 kcal/mol). We will therefore discard these
forms and limit the discussion to those protonated on the histidine nitrogen. All the stable structures
formed involve a strong NH*..O interaction, accompanied by conformer-dependent ancillary
interactions as described in what follows.

NH*...O/CH... it structures: The most stable structure for both diastereomers is a g*t geometry, with
the benzyl of the phenylalanine folded over the DKP ring and the imidazole of the histidine extended
outwards. The t orientation of the imidazole substituent optimizes the interaction between the NH*
and the amide carbonyl. This results in the formation of a so-called C7 (0OC4C5C12C13NH) intramolecular
hydrogen bond, involving a seven-member ring, which has similar strength for the two diastereomers
(d(C40...H*N) =1.61 A for c-LL and c-LD alike. t orientation of the charged residue was also observed in
the cyclo Tyr-Tyr radical cation, as it favors a stabilizing interaction between the amide CO and the
charged aromatic ring.** In c-LLH*, the two side chains are both in pseudo axial position, allowing the
formation of a CgH...m interaction. In c-LDH*, the benzyl is in pseudo axial, and the imidazole is in
pseudo equatorial, allowing a C,H...ww interaction. The distance between the hydrogen and the center
of the aromatic ring is shorter (2.42 A) in c-LLH* than in c-LDH* (2.56 A), suggesting a stronger
stabilization of the former, in line with a Gibbs energy difference of 0.76 kcal/mol in favor of c-LLH".
This different interaction, CgH...mt vs. CoH...m, is the major difference between the two diastereomers
and was observed previously in neutral or protonated cyclo Phe-Phe.** % For both diastereomers, the
outwards position of the imidazole is important as it allows forming the CH...w, as already observed for
neutral DKP dipeptides with aromatic residues.**

NH*...O/NH...it structures: The second most stable structure is a gt geometry, which shows the same
orientation of the imidazole, hence the same NH*...0 interaction as in the NH*...O/CH... it structures
described above. In contrast to the NH*...O/CH...it structures, the NH*...O distance is slightly shorter in
c-LLH* (1.59 A) than in c-LLH* (1.62 A), in line with higher relative energy in the latter. The g orientation
of the benzyl facilitates an additional NH...it interaction from the amide NH to the benzyl it cloud. The
NH donor belongs to the same amide bond as the CO acting as an acceptor in the NH*...0 interaction
and is more acidic because of this interaction. The NH...it interaction is similar in the two diastereomers
with a distance between the hydrogen and the center of the ring of 3.18 and 3.20 A for c-LDH* and c-
LLH*, respectively. The different NH*...O interaction is the main difference between the two
diastereomers. The relative Gibbs energy of the NH*..m structure is much larger for c-LLH* (2.23
kcal/mol) than for c-LDH* (1.35 kcal/mol). Consequently, g*t contributes to 91% vs. 97% in c-LDH* and
c-LLH*, respectively, while g't contributes to 9% in c-LDH* and is negligible in c-LLH".

2. Vibrational Spectra and Assignment

The experimental spectra of c-LLH* and c- LDH* are shown in Figure 3. Their general features are similar
in both the fingerprint and the XH stretch regions. However, some differences will be highlighted
below. The absence of a band in the 3550-3600 cm™ range, where the free v(OH) stretch is expected,*"

46,50 confirms that the observed species is protonated on the histidine nitrogen, as is confirmed by the



presence of strong bands assigned to the imidazole NH bending modes (vide infra). Figure 3 also shows
the spectra calculated for the most stable structures contributing to more than 5% of the population,
i.e., g't for c-LLH*, or g't and g*t for c-LDH". The interpretation of the experimental spectra in terms of
the contribution of these isomers is very satisfactory, as described below. The most intense observed
and calculated frequencies are listed in Tables S1 and S2 of the Supplementary Information.

In the fingerprint region, the frequencies are calculated at similar values for the different conformers
of the two diastereomers. The experimental spectrum is dominated by three intense bands at ~ 1600,
1660, 1740 cm™, which appear at identical positions for c-LLH* and c-LDH*. The ~1600 cm™ band is
assigned to a mode localized on the imidazole moiety, described in terms of coupled motions of the
C=C stretching and NH bending modes. The bands at ~1660 and 1740 are assigned to the bound and
free v(CO) stretches. The large splitting between them reflects the strong NH*...O interaction. The
corresponding normal modes involve coupling between CO stretch and NH bend within the same
amide bond. Moreover, the bound v(CO) is strongly mixed with the histidine bound B(NH). The amide
Il region shows a broad feature with two maxima at ~1435 and ~1395 cm™ and a sharp intense band
at~1320 cm™. A clear-cut description of the modes in terms of nuclear motions is difficult in this range
because the calculated modes involve coupled motions. The two maxima observed are assigned to
modes involving coupled bending motions of the bound histidine NH and the two amide NH. The sharp
band is assigned to the coupled motion of the two histidine NH bends. Bands due to the B(CH) and
B(OH) bending modes appear further down in energy. The correspondence between simulated and
experimental spectra is less satisfactory, due to the expected anharmonic nature of the modes in this
region. However, the bandwidth of the overlapping bands appearing in this range of the experimental
spectra (see Figure 3) precludes observing clear cut differences between c-LLH* and c-LDH".

The OPO region is more telling, both in terms of sensitivity to conformation and stereochemical factors.
First, different spectra are calculated for the NH*...O/CH...t and NH*...O/NH...it structures. The strong
band observed at 3477 cm™ is typical of the imidazole free NH stretch with identical frequency in all
the calculated conformers of both c-LLH* and c-LDH*.%2 The v(NH) stretch free amide, i.e. not involved
in the NH*...0 interaction, and the bound amide appears lower in energy: the band at ~3405 cm™ is
assigned to the free amide v(NH) stretching modes, calculated at an identical frequency, within 5 cm-
! for all the conformers of both c-LLH* and c-LDH*. The sideband that appears at 3370 cm™ in c-LDH*
only is assigned to the bound amide v(NH) stretch of the NH*...O/NH...;t structure, shifted down in
energy by the interaction with the benzyl. This band appears only weakly in the experiment, reflecting
a minor population of the NH*..O/NH..m conformer. According to its Gibbs energy, the room
temperature Boltzmann population would be ~10%. Still, the trapped population cannot be
determined precisely due to the possibility of kinetic trapping and the modification of energetics
between the gas phase and solution.?3®* Lastly, a band appears at ~3165 cm™, with unusually large
intensity for a v(CH) stretch. It is assigned to the asymmetric combination of the two imidazole v(CH)
stretches. Figure S1 shows the simulated spectrum for the conformers that are not populated in our
experimental conditions.

The IRMPD results allow us to conclude that two conformers of c-LDH* coexist in our experimental
conditions. This contrasts with c-LLH*, for which one conformer is dominant. A larger number of low-
energy conformers for the heterochiral diastereomer has been observed already in linear or cyclic
peptides** %6 as well as hydrogen-bonded complexes.®

3. Collision-Induced Dissociation Fragments and Chemical Dynamic Simulation

The MS?Collision-Induced Dissociation (CID) spectra of c-LLH*and c-LDH*, obtained in the hexapole
collision cell with a collision voltage of 11 eV, is shown in Figure 4. Identical fragments are observed



for both diastereomers, with however different relative intensities. These differences are much higher
than what was observed in previously reported CID experiments on DKP peptides.*¥ %6 Figure 4 also
displays the branching ratio corresponding to the different fragments observed, recorded from 1 to 17
V. c-LDH* shows a higher fragmentation yield at all collision energies except the highest one. The
chemical dynamics simulations provide tentative structures for all the fragmentation products
observed in the MS? spectra. Table 2 lists the m/z of the ionic fragments observed experimentally and
the molecular formula of the corresponding reaction products (for both ions and neutrals) obtained
from simulations. Figure 5 shows the most abundant isomer for each m/z product obtained from
chemical dynamics simulations. The structure of the corresponding neutral fragments is given in Figure
S2 of the supporting information. These structures have to be taken cautiously due to the time scale
differences between simulations (ps) and experiment (ms).

The analysis of the ensemble of trajectories obtained from the chemical dynamics simulations is
performed to assign the m/z peaks observed in the MS? spectrum resulting from collision-induced
dissociation. Comparison between the results obtained for c-LLH" and c-LDH* aims to shed light on the
role of the histidine residue on stereochemical effects.

The dominant fragmentation channels are loss of ammonia NH; (m/z 268 C;sH14N305%), carbon
monoxide CO (m/z 257 Ci4H17N40*) and formation of m/z 212 (Ci3H14N3*), which corresponds to the
loss of CO and HCONH; or 2CO and NHs. The branching ratios as a function of energy (Figure 4) show
that this sequential fragmentation occurs even at low collision voltage. Interestingly, the fragment
corresponding to the phenylalanine iminium ion (m/z 120 CgH1oN*), which dominates the CID spectrum
of cyclo Phe-PheH*,% is very weak, at the detection limit, in cyclo His-PheH?*, as is the histidine iminium
ion (m/z 110 CsHgNs*). Instead, the dominant channel is the formation of m/z 212, as previously
mentioned. This channel is also an important fragmentation pathway in most DKP dipeptides studied
so far, including protonated aromatic DKP peptides like cyclo Phe-Phe (m/z 222)* or cyclo Tyr-Pro (m/z
188).41 8688 At |arger collision energy, sequential fragmentation is observed, like subsequent loss of CO
or NH3 from m/z 268 or m/z 257, respectively, to form m/z 240 (C14H14N30*). Other minor peaks are
identified, such as the dehydration channel at m/z 267 (CisH1sN4O*) and the subsequent loss of the
isocyanic acid from it, m/z 224 (C14H14Ns*). The peak at m/z 166 (C;HgO,Ns*) is assigned mainly to the
loss of a toluene isomer plus hydrogen cyanide molecule from the parent ion. Direct fragmentation
events due to the cleavage of Co-Cg bonds are also identified but they are energetically disfavored.
Protonation of the amide nitrogen weakens the corresponding amide bond.® As a result, the C-N bond
is expected to break first, while the Co-Cg being further from the protonation site and much less
affected by the nitrogen protonation will demand more energy to break. m/z 193 (CsHsN4O,*), 194
(CsH10N407"), and 195 (CsH11N40,") result from the Co-Cg cleavage of the Phe residue (C;1-Cs in Figure 1)
while m/z 203 and 204 result from the Co-Cg cleavage of the His residue (Cs-Cy2 in Figure 1). According
to the experimental findings, the C,-Cp cleavage is favored in the Phe residue compared to the His
residue.

4. Diastereomeric Discrimination in Collision-Induced Dissociation

The total fragmentation efficiency is larger for cyclo LDH* than cyclo LLH*. This is reminiscent of what
was observed in protonated cyclo diphenylalanine.*® However, the effect is much more pronounced
here. The threshold for secondary fragmentation (loss of CO and NHs) is higher by 2V in c-LLH* than c-
LDH?*, pointing towards a lower fragmentation threshold for c-LDH*. At low energy, the branching ratio
is higher for all fragments but NHs loss, which suggests that in c-LDH*, the primary fragment formed by
NHs loss is less stable and more prone to undergo secondary fragmentation. Loss of CO is particularly



dependent upon chirality and is more efficient in c-LDH" at all collision energies studied. A factor of ~3
between the two diastereomers appears at 11 V.

We suggest that the stronger effect of chirality observed here is due to the proton mobility in a
diastereomer-sensitive region before the dissociation occurs. We also suggest that the difference
observed is strongly related to the proton position in the reagent, which is the amide CO in cyclo Phe-
PheH" and cyclo Tyr-ProH*, and the histidine nitrogen in cyclo His-PheH®. To test this hypothesis, we
perform a dedicated analysis of the trajectories. The comparison between c-LLH" and c-LDH" is
facilitated because the energy difference between the two structures is small. Therefore, the
simulations allow assessing the effect of the sole relative absolute configuration of the residues on the
proton mobility without being influenced by different excess energies.

Figure 6 (left panel) compares the probability of obtaining reactive trajectories as a function of the
integration time at 517 kcal/mol of vibrational excess energy for the two diastereomers. c-LDH* shows
a larger fragmentation yield than its counterpart c-LLH*, as experimentally observed. Figure 6 (right
panel) shows the formation yield of m/z 257, i.e., CO loss, as a function of time, indicating that c-LDH*
displays a slightly higher yield than its counterpart c-LLH*, a point on which we shall focus later in the
discussion. As mentioned before, experimental and theoretical absolute values cannot be directly
compared because of the differences in time scales. Nevertheless, the analysis of the ensemble of
trajectories under fragmentation conditions that lead to the experimentally obtained fragments allows
us to propose some hypotheses on the role of the histidine in the stereochemical effects observed in
the CID. The MD simulations evidence the presence of intermediate states called “intermediate
isomers” in what follows. They will be denoted I1SOi with i=1-9, in the order of decreasing frequency of
appearance in the chemical dynamics trajectory. To our surprise, one of them (ISO6) was calculated as
more stable than the reagent. Therefore, we have checked that it was not the species observed in the
IRMPD experiments by comparing its simulated spectrum to the experiment (see Figure S1). The main
intermediate isomers populated prior to dissociation are shown in Figure 7 for c-LDH" and c-LDH*. Their
optimized geometry are given in Figure S3 of the SI. They correspond to the intermediate states that
appear the most frequently in the MD trajectories, whatever the issue of the trajectory and the
reaction product. They can be divided into two main groups. Group 1, shown at the top of Figure 7,
encompasses those intermediate isomers that contain two asymmetric carbons. These isomers are
non predissociated, i.e. with an intact peptide ring. It should be noted that ISO1, ISO4, I1SO5, and ISO9
are tautomers and only differ by the position of the proton. All these intermediate states exist in two
diastereomeric forms LL or LD. Physically, their existence results from the histidine proton migration
to the peptide ring before it opens up. Most of the time, when the activated reactive structure is c-
LLH*, the main intermediate isomers reached in the Group 1 region are LL isomers. Similarly, activation
of c-LDH* mostly results in the LD intermediate isomers. Nevertheless, the opposite happens in a few
trajectories through exchange of the alpha-hydrogen atom. In contrast, Group 2, shown at the bottom
of Figure 7, contains intermediate isomers with a single asymmetric carbon L or D. All these isomers
except ISO2 are predissociated intermediate states, i.e. the DKP ring opens up. In this group, I1SO3, ISO7
and 1SO8 only differ by the location of the proton. Each intermediate isomer in Group 2 exists in two
isoenergetic enantiomers. In Group 1, the LL and LD diastereomers are endowed with different relative
energy and barriers to dissociation. Our working hypothesis is that the sensitivity of the reaction to
stereochemical factors will strongly depend on which of these regions (Group 1 or 2) of the PES is
visited during the reaction. Once the systems arrive in the Group 2 region, all the barriers to
fragmentation are identical whether the parent is c-LLH* or c-LDH". It means that the stereochemical
effect on the reaction is related only to what happens before reaching this zone. Therefore, the



diastereomeric discrimination strongly depends on the time the system spends in the Group 1 region,
as schematically described in Figure 8. Two reaction paths with different sensitivity to stereochemical
factors can thus be expected in the CID experiments. The first one, shown by a black arrow in Figure 8,
represents those trajectories that isomerize directly to the Group 2 region before dissociation. This is
the case for the NHj3 loss reaction shown in Figure 9. The first reaction step deduced from chemical
dynamics simulations is a hydrogen transfer from the histidine C, to the histidine amide NH, which is
turn results in the opening of the DKP peptide ring. In this case, stereochemical factors will only affect
the first step where the system goes from the reactant to the Group 2 region (mechanism A).
Therefore, the expected stereochemical effects will be small, as observed for the CID of protonated
cyclo Tyr-Pro.*! In the other case, shown by a red arrow in Figure 8, the system evolves in the Group 1
region (mechanism B), sensitive to stereochemical factors. This is the case for the CO loss reaction
shown in Figure 9. The first reaction step evidenced in chemical dynamics simulations is the migration
of a proton from the imidazole nitrogen to one of the amide nitrogens. The ring opening necessary for
CO loss only happens after this stereochemistry-sensitive step. The chirality effect is thus expected to
be much more pronounced.

The mechanism A is predominant in systems like protonated cyclo Tyr-Pro and protonated cyclo Phe-
Phe and this is why a very moderate dependence upon diastereoisomer is observed in CID. In these
cases, the main isomerization pathways happen in the Group 2 region. This is related to the fact that
the proton is primarily localized on the amide CO and that the first reaction step is proton migration
on the amide NH followed by the cleavage of the N-C* bond.*

The mechanism B is predominant in protonated cyclo His-Phe and is linked to the presence of the
histidine residue, whose imidazole ring is the protonation site. To illustrate this, we will qualitatively
describe the two main pathways for CO loss based on the chemical dynamics trajectories. In both
reaction paths (see figure 9), the loss occurs after a proton migration from the imidazole to one of the
two amide nitrogen atoms in the DKP ring, weakening the N-C; or N-C4 bond. This leads to 1SO4 and
ISO9 of Figure 7, respectively, and results in the ejection of the corresponding CO group. The imidazole
ring transfers the proton to the new protonation site. The analysis of the trajectories indicates that the
proton always leaves from the imidazole NH* that is the closest to the peptide ring. The presence of
tautomers, as mentioned above, facilitates the proton mobility by giving the system the “choice” of
the favorable, i.e., closest, proton position, which are indicated by the red and green arrows in Figure
9. Still, this proton transfer demands some molecular reorganization, more precisely rotation of the
imidazole substituent. This rotation-induced proton mobility is very sensitive to the stereochemistry
of the reagent. In c-LLH* the two aromatic rings are on the same side of the DKP ring. Therefore, the
steric clash between the aromatic rings makes the rotation difficult, which in turn decreases the proton
mobility efficiency. In contrast, in c-LDH* the two aromatic rings are on opposite sides of the peptide
ring, which might facilitate easier proton transfer to the amide nitrogen in the DKP ring compared to
c-LLH*. The effects seen here arise then from two contributions: first, protonation happens on the
imidazole, so that a mechanism consisting of a proton migration to the ring is necessary. This
mechanism is reminiscent of that observed in histidine-containing peptides33. Second, the phenyl ring
introduces diastereoselective steric hindrance, hence a barrier to proton mobility. The conjunction of
these two factors forces the system to visit the Group 1 region, sensitive to chirality. As a result, high
diastereomeric discrimination is observed. In conclusion NHs loss (mechanism A) and CO loss
(mechanism B) show very different sensitivity upon stereochemical factors in protonated cyclo His-
Phe, as shown in Figure 9, because the first step involves opening of the peptide ring (mechanism A)
or preserves the cyclic structure (mechanism B), respectively.
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Conclusion

IRMPD spectroscopy evidenced that the two diastereomers of protonated cyclo His-Phe display
identical most stable g*t structure, protonated on the histidine nitrogen, with the benzyl of the
phenylalanine folded over the DKP ring. The imidazole of the histidine has an extended conformation,
which allows the formation of a stabilizing NH*...O interaction. A weaker CH... 1t interaction also
contributes to the stability, which is reminiscent of the structure of neutral DKP dipeptides with
aromatic residues.*** A higher-energy gt structure is populated (<10%) for c-LDH* only, with the
benzyl ring extended over the DKP ring. This geometry allows an NH...n interaction to take place, which
manifest itself by the presence of an additional weak absorption band in the region of the NH stretch,
compared to c-LLH* The increased flexibility of the heterochiral system has been observed previously
in other biomolecules or complexes.?” % 8 The two diastereomers differ in their collision-induced
fragmentation efficiency much more than previously observed for other protonated DKP peptides like
cyclo Tyr-Pro or cyclo Phe-Phe.*! ¢ Chemical dynamics simulations explain this observation in terms of
competition between two different mechanisms, which are sketched in Figure 9. One of them is
dominant for NH; loss and involves mostly predissociated intermediate states (Group 2), i.e.
intermediate states in which the opening of the DKP ring results in the presence of only one
asymmetric carbon. This happens through the migration of a hydrogen atom from the Ca of the
histidine to the amide nitrogen of the same residue, with concomitant ring opening. Then, the proton
initially located on the basic imidazole nitrogen migrates to the amide nitrogen of the histidine residue,
followed by NHs loss. Therefore, the barrier to the formation of this intermediate is therefore identical
for the two diastereomers, which makes the reaction insensitive to chirality. The other mechanism
involves non-predissociated intermediate states (Group 1), i.e. intermediate states that keep the DKP
ring intact, with two asymmetric carbon atoms. These stereogenic centers can be of identical or
opposite absolute configurations, depending on the configuration of the reactant, and thus differ in
energy for the two diastereomers. This stereoselective mechanism dominates for CO loss. It requires
a proton migration from the initially protonated imidazole to the peptide ring. The proton mobility is
facilitated by the fact that the two tautomers of imidazole are evidenced as intermediate isomers. As
a result, the transfer of the proton to the peptide ring happens in the tautomer in which the distance
between the proton and the ring is the smallest one. Mobility of the proton happens before the ring
opens up, which is the reason why chirality effects are observed: the reaction has to go through a
barrier due to the rotation of the imidazole substituent, which is different in c-LLH* and c-LDH*. These
results contrast with what was observed in cyclo-Gly-GlyH*, in which the peptide ring opens first and
then isomerizes. In systems like cyclo Tyr-ProH* and cyclo Phe-PheH*, such a mechanism is also
dominant, explaining the limited chirality effects observed. The study of protonated cyclo His-His could
help confirm this hypothesis and is planned in the near future.
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Table 1: Relative energies and relevant structural parameters for the most stable conformers of c-LLH* and c-LDH*. The zero
of the energy scale is taken at the most stable conformer for each diastereomer. *The most stable c-LDH* conformer is 0.67
kcal/mol higher in energy than the most stable c-LLH* conformer.

Structure Interaction Gibbs Free (%) T(°) Distance NH*...0 CH..m NH...n
Energy AG between the distance distance distance
(kcal/mol) centres of the (A) (A) (R)
aromatic rings
(A)
gEtD NH*...O/CH... 0* 62 159 5.44 1.62 2.56 (Cq)
= o -58 155
gitp NH*...0/NH 1.35 9.16 1.59 3.20
NH*...O/CH... 63 -
+
gt 0 155 5.41 1.61 2.42(Cp)
gty NH*...0/NH... 2.23 -58 -57 9.10 1.61 3.18




Table 2: Assignment of the mass-to-charge peaks observed in the experimental MS? spectrum based on chemical
dynamics simulations. The most abundant fragments are highlighted to facilitate comparison with the mass spectrum shown

in Figure 4.
. Molecular formula of the ionic Molecular formula of the Reaction energy (kcal/mol)

Experimental m/z fragment

neutral fragment

C15H17N4O;"

268.1 C15H14N30," NH; 42.9
267.1 Ci5H1sN,0* H,O 39.9
257.1 C14H17N,O* CO 41.1

CH;NO 73.1
240.1 C14H1sN30:* CO NH; 46.4

CHN H,O 71.1
239.1 C1sH1sN4* CO H,0 75.3
224.1 C1aH1sN5* CHNO H.0 714
222.1 C14H12N5* CO H,O NH; 1154

CH;NO Cco 96.8
212.1 Ci1sH14N35"

CO CO NH; 70.1
207.1 CoH11N4O,* CeHs 30.1

C4HiN, 102.3
205.1 C1:H13N20;"

CsH3N CHN 183.8
204.1 C11H12N,0," [2] C4HsN; [2] 84.1

C4HsN: 109.4
203.1 C1:H1uN2O,"

CsHsN CHN 123.0
195.1 CsH11N4O," C:Hs 98.5
194.1 CsH10N4O," [2] C-H- [2] 66.1
193.1 CsHoN,O," C7Hg 64.4
189.1 C11H13N,0," CsHsN, CO 76.3
185.1 CioH1sN,* CH4N> CO Co 122.2
175.1 C1oH11N,0* C4HsN2 Cco 125.0
168.1 C7H10N3O," CgH;N 40.0

CsHoN 117.4
166.1 C7Hg0,N;"

C;Hs CHN 168.3
164.0 C7HgN30," CsHoN H, 91.5
160.1 C1oH10NO* CsH/N30, 125.2
153.1 CeHoN,O1* CoHsO 70.7




CoHgNO 92.5
CgHgN CO 62.5
138.1 CsHgN3O.*
CgH/N CH,O 121.6
C;Hg CcOo CHN 113.4
CsH/Ns CHNO 91.5
133.1 CoHo,O"
CsHsN3 CH3;NO 122.8
CsH/N3 CcOo H,O 160.3
130.1 CoHgN*
CsHgN,O CHs;NO 260.5
CoH10N,O 56.8
CgHgN CHNO 69.4
123.1 CsH;N,O*
C;Hg CH:N; CcO 112.9
CgH/N CcO NH; 74.0
CoH12N,O 55.7
CgHgN CH3;NO 114.2
121.0 CeHsN,0;*
C;Hg C,H4N,0 102.7
CgHgN CO NH; 87.5
C/H/N30; 115.7
CeH-/N3O CcO 115.7
CsHiN,O CH3NO 130.0
120.1 CgHioN*
C,H;NO, C3H4N, 130.0
CsHiN,O CO NH; 103.4
CsH/N3 CcO CcO 83.8
C10HoNO; 108.5
C10H/NO H,0 96.7
CoHgNO CcOo 101.5
110.1 CsHgN3* CoHgO CHNO 61.2
CoHsO CH3;NO 115.6
CgHgN CO co 71.6
CgH/N CH,0 CcoO 130.6
44.0 CH,NO* CsH;N3 CgHs CO 126.3
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Figure 1: a) cyclo His-PheH* with atom labeling. The angles used in the description of the
aromatic substituents orientation are t11(NC1CsCs) and t2(NC3C12Ci13). b) Newman projection
showing the orientation of the substituents (see text).
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Figure 2 : Most stable structures of c-LLH* and c-LDH*, with their relative Gibbs energies at
room temperature. The curly red line highlights the interactions that stabilize the structures.
The gray, light gray, blue and red color circles correspond to carbon, hydrogen, nitrogen and
oxygen atoms, respectively. The zero of the energies is taken, for each diastereomer, at the
most stable conformer. *The most stable c-LDH* conformer is higher in energy than the most
stable c-LLH* conformer by 0.67 kcal/mol.
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Figure 3: Comparison between the experimental IRMPD spectra (top spectrum) of both
diastereomers and the simulated IR absorption spectrum of the most stable structures to
which the experimental spectra are assigned (see Figure 2). The y-axis (fragmentation yield
and IR absorption) is in arbitratry unit. The simulated IR spectra are obtained by convoluting
the harmonic frequencies (stick bars) with a Lorentzian line shape of 10 cm™* FWHM. The OH
stretch region is highlighted in light grey.
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Figure 4 CID-MS? analysis for the two diastereoisomers. a) Total fragmentation efficiency
and relative ion yield (branching ratio) per m/z channels as a function of the collision voltage
for c-LLH* (green, squares with full line) and c-LDH* (black, empty circles with dashed line).
The vertical scale is from 0 to 1 and the “x n” factor indicated at the top left of each graph
indicates the multiplication factor relative to m/z 285. Dashed and continuous lines are a
guide for the eyes. b) CID-MS? spectrum of c-LLH* (green) and c-LDH* (black) at 11 V. The
intensities are normalized at the intensity of the parent ion for a direct comparison. The c-

LLH* spectrum is shifted up by 4 amu for the sake of clarity.
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Figure 5: The most abundant isomers for each m/z fragment produced by CID and their
molecular formula as obtained from chemical dynamics simulations.
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Figure 6 : Diastereomeric comparison based on chemical dynamic simulation at 517
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10



?o
aO—=
I
?O
=z
T
I
@]
Z:g
=
T
O
, "
=
oL

oH i 0 o ™ 0
= == = =
NH NH NH NH
N~\-./ N§/ HN*&/ N§/
1S0, 150, IS0, IS0,
11.6 (12.2) 17.3(13.4) 8.2 (8.9) 20.3 (23.8)

= H
NH
HN* =/
212 482 9.1
H H

i L, I
H H
HO N, /> HO N, /\/C />
N o N ~_ o, N v
N ..

IS0, 1SO,
54.9 61.7

|
I
|
|
|
|
I
|
|
I
!
|
|
!
I
|
|
|
!
|
I
|
|
|
|
|
|
|
I
|
|
|
|
|
I
|
|

Figure 7 The main intermediate isomers as obtained from the chemical dynamic simulations.
They are grouped according to the number of chiral centers they contain. Their relative
energy after optimization at the DFT level are given for each isomer in kcal/mol. For those
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Figure 8: Schematic view of the diastereoselective CID mechanism. The sketch shows how
isomeric forms of the fragmentation intermediate are sensitive to stereochemical factors (LL
vs. LD) or not (L vs. D). The vertical axis corresponds to the relative energy of the potential-
energy surface regions. The outer region of the sketch corresponds to the products. “sp”
stands for starting point referring to the activated reagent geometry.
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Figure 9: Sketch of the reaction leading to NHs loss (top) and involving Group 2
(predissociated) intermediate states. Sketch of the reaction resulting in CO loss (bottom) and
involving Group 1 (non predissociated, i.e. cyclic) intermediate states. The red and green
arrows indicate the two possible CO loss processes from the two residues.
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Table S1: Assignment of the experimental frequencies to the calculated ones, together with mode
description for c-LLH*. The calculated frequencies are scaled by 0.97 in the 800-2000 cm™ region and
0.955 in the 3000-3800 cm™ range

c-LLH*
Experimental | Calculated values
frequencies
g't
Harmonic frequencies in cm™
. - Mode
(intensity in km/mole)
3477 3454 (191) Free
V(NH)imidazole
3404 3409 (34) Free v(NH)pkp ON
the free amide
3391 (55) Free v(NH)okp On
the H-bond
accepting amide
3165 3131 (9) Symmetric
V(CH)ImidazoIe
3127 (36) Asymmetric
V(CH)Imidazole
- 2752 (1311) Bound
V(NH")imidazole
1740 1739 (410) v(CO)
1661 1675 (248) v(CO)
1599 1613 (298) v(CC)
1436 1449 (81) B(CgH2) bend on
Phe
1395 1411 (231) B(CgH2) bend on
His
1320
1249 Delocalized
1212 1139 (174) motions
1089




Table S2: Assignment of the experimental frequencies to the calculated ones, together with mode
description for c-LDH*. The calculated frequencies are scaled by 0.97 in the 800-2000 cm region and

0.955 in the 3000-3800 cm™ range

c-LDH*
Experimental Calculated values
frequencies
g't gt
Harmonic frequencies in Mode Harmonic Mode
cm (intensity in km/mole) frequencies in cm’
L(intensity in
km/mole)
3477 Free Free
3454 (187 3453 (199
( ) V(NH)Imidazole ( ) V(NH)ImidazoIe
3405 Free v(NH)pkp Free v(NH)okp
3405 (17) on the free 3403 ( 34)
amide
Free V(NH)DKP
3400 (70) on the H-.bond i i
accepting
amide
3370 Bound
V(NH)DKP on
- 3353 (13136)) the H-bond
accepting
amide
3130 (9) Symmetric 3130 (9) Symmetric
3167 V(CH)midazole V(CH)imidazole
Asymmetric Asymmetric
3127 (35 3126 (36
( ) V(CH)ImidazoIe ( ) V(CH)Imidazole
Bound Bound
- 2717 (1780
3818 (1237) V(NH+)ImidazoIe ( ) V(NH+)ImidazoIe
1740 1745 (402) v(CO) 1739 (420) v(CO)
1665 1670 (279) v(CO) 1672 (388) v(CO)
1605 1613 (231) v(CC) 1611 (346) v(CC)
1451 (55) Delocalized
1450 (50) B(NH) and
B(CgH,) bend
1434 1443 on Phe 1424 (93) B(CH)
1406 (208) Bound B(NH)
1393 1404 (65) B(CgH2) I?end i i
1400 (149) on His
1346 (30) 1338 (131)
1334 (66) 1321 (106)
1323 (33) localized 1278 (51) localized
1311-1112 1282 (68) De octa ize 1274 (65) De oga ize
1249 (60) motions 1248 (129) motions
1176 (15) 1187 (46)
1112 1122 (223) B(CH)ImidazoIe 1133 (209) B(CH)ImidazoIe
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Figure S1: Experimental spectrum of c-LLH+ and c-LDH+ compared to calculated structures not
retained for the assignment.
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Figure S2: The most abundant isomers of the neutral fragment and their molecular formula as
obtained from chemical dynamics simulations.
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Figure S3: Comparison between the most abundant intermediate isomers for LL* and LDH*.
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