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The protonated dimers of the diketopiperazine dipeptide cyclo (LPhe-LHis) and cyclo (LPhe-pHis) are
studied by laser spectroscopy combined with mass spectrometry to shed light on the influence of
stereochemistry on the clustering propensity of cyclic dipeptides. The marked spectroscopic differences
experimentally observed in the hydride stretch region are well accounted for by the results of DFT
calculations. Both diastereomeric protonated dimers involve a strong ionic hydrogen bond from the
protonated imidazole ring of one monomer to the neutral imidazole nitrogen of the other. While this
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strong interaction is accompanied by a single NH---O hydrogen bond between the amide functions of
the two moieties for the protonated dimer of cyclo (LPhe-pHis), that of cyclo (LPhe-LHis) involves two
NH---O interactions, forming the motif of an antiparallel B sheet. Therefore, a change in chirality of the
residue prevents the formation of the B sheet pattern observed in the amyloid type aggregation. These
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Introduction

Peptide aggregation is associated with amyloid-related diseases
such as Alzheimer’s. The aggregation propensity depends on
the environment, the amino-acid sequence (primary structure)
and the protein secondary structure."” Although the cross-B
amyloid structure is the most frequently encountered pattern in
the amyloid fibres, it was shown recently that other structures,
including antiparallel B sheets, could play a role in the aggrega-
tion process."** Proteins and peptides involved in amyloidosis
have been the subject of numerous in vitro studies using X-ray
crystallography, electron diffraction, or NMR."? An alternative
approach consists of studying short model peptides isolated in
the gas phase to shed light on the factors that govern the non-
covalent interactions (NCI) and, more precisely, the hydrogen
bonds (HB) that control the molecular shape.>® Neutral species
have been studied under supersonic conditions by conformer-
specific spectroscopy while room temperature or cryogenic ion
trap studies shed light on the structure of protonated species
or ion-core complexes.”** Controlling the HB network by
chemical design has paved the way to a wealth of interactions
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results emphasize the peculiar role of the histidine residue in peptide structure and interaction.

and structures, not accessible to pure natural o peptides.
Original structures have emerged in B or y peptides, or in
artificial foldamers built from 2-amino cyclohexane carboxylic
acid,*®*° in which the bias introduced by the alicyclic ring
results in stereochemical constraints that in turn modify the
HB propensity.>* The difference in HB propensity is observed
for both intermolecular HB in the solid and intramolecular HB
in jet-cooled monomers.>*° Introducing a heteroatom X in
the ring stabilises intra-residues HB thanks to an additional
NH- - X interaction.’* The conformational preference of small
peptides is also modified by molecular interactions such as
hydration,*® or cluster formation.>® Several studies have
focused on the formation of B-sheets resulting in the aggrega-
tion of peptides. For example, capped phenylalanine-based
peptides form dimers linked by fB-sheet type NH-:--O inter-
actions.’®** B-sheet formation was also observed in relatively
large fragments of model amyloidogenic peptides. In addition,
B-sheets were observed in oligomers of 6-residue fibril-forming
peptide segments by combining ion mobility and IR spectro-
scopy.*® The first steps of amyloid formation have been studied
also in large systems under cryogenic ion trap conditions on the
example of a model amyloidogenic peptide derived from the
protein transthyretin.>> However, less attention has been paid
to the role of chirality in the aggregation of peptides. We focus
here on the formation of protonated dimers of cyclo(Phe-His),
a diketopiperazine-based cyclic dipeptide. This study aims
to assess the influence of the chirality of the residues on the

Phys. Chem. Chem. Phys., 2022, 24,19783-19791 | 19783


https://orcid.org/0000-0003-4019-4973
https://orcid.org/0000-0002-3134-328X
https://orcid.org/0000-0001-5955-4372
https://orcid.org/0000-0001-5540-0667
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp03110h&domain=pdf&date_stamp=2022-08-13
https://doi.org/10.1039/d2cp03110h
https://doi.org/10.1039/d2cp03110h
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp03110h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024033

Open Access Article. Published on 09 2565. Downloaded on 4/11/2568 2:14:35.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

formation of a B-sheet type interaction. The absolute configu-
ration of the residues indeed influences the structure of cyclic
dipeptides.**™** Cyclic dipeptides differ from linear ones in
several aspects. First, the steric bias due to the ring imposes the
non-usual cis conformation of the peptide bonds. It has been
shown that amyloid-forming peptides contain amides with a cis
conformation.*? Cyclic dipeptides offer therefore a good model
for studying the influence of the cis conformation of the
peptide bond on aggregation. The cis conformation favours
indeed the formation of two strong NH- - -O hydrogen bonds in
the gas-phase dimer of cyclo (Phe-Phe)*® or its crystal,*®** akin
to an antiparallel  sheet. Second, the molecule is deprived
of the amine and carboxylic functions present in peptides,
preventing protonation on the N-terminus. As a result, proto-
nation of cyclic dipeptides usually happens on the amide CO,
which results in the limited effect of chirality on their collision-
induced dissociation (CID) efficiency.*>*” Histidine-containing
peptides stand out by the basic nature of the His residue, which
is protonated on the imidazole ring.*® This peculiar protonation
site makes histidine very sensitive to solvation. The electronic
spectrum recorded by UV photodissociation spectroscopy in a
cryogenic ion trap shows a marked bathochromic shift relative
to the aqueous solution.*® Histidine also plays a particular
role in the CID of peptides.’>*" For example, doubly-charged
peptides containing His at the N-terminus show enhanced
backbone cleavage at the C-terminus relative to peptides with
no His.”” In contrast to peptides containing aliphatic residues,
peptides containing histidine show diketopiperazine or lactam
in addition to oxazolone fragments.”"**>* We recently showed
that the CID of cyclo (Phe-His)H" shows a very high sensitivity
of CO loss efficiency to the chirality of the residues, due to the
proton shuttling mechanism from the imidazole substituent to
the amide.*® We determine here the structure of the protonated
dimer of cyclo (Phe-LHis) and cyclo (tPhe-pHis), noted in short
(c-LL),H" and (c-LD),H", in a room-temperature ion trap, by
Infra-Red Multiple Photons Dissociation (IRMPD) and compare
them to quantum chemical calculations in the frame of the
density functional theory (DFT). We aim to evidence how a
change in the absolute configuration of the residue makes it
possible or not to form a B-sheet type interaction between the
two peptides.
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Experimental and theoretical methods
(a) Nomenclature

The structure of the protonated cyclo (Phe-His) monomer is
shown in Chart 1. The nomenclature and numbering of atoms
are those used previously.*” In short, each aromatic ring may
adopt one of the three following orientations, defined by the
dihedral angles ©(NCCC), namely, two gauche and one trans
forms, denoted as g', g~ and t, respectively. g*, g~ and t
correspond to t(NCCC) of around 60°, —60° and 180°,
respectively, for the v residue, with opposite values for the b
residue. In a g* structure, the aromatic substituent is folded
over the DKP ring while it is extended outwards in g—.>*® The
trans geometry also corresponds to an extended aromatic ring,
but with its plane almost perpendicular to the DKP ring. In
addition, the two nitrogen atoms of the imidazole ring are
named according to the IUPAC Compendium of Chemical
Terminology, as proposed for HisH".*® The nitrogen atom
close to the peptide ring is denoted by N, while the farthest
one is called N, as depicted in Chart 1. The neutral monomer
exists in two tautomeric forms shown in Chart 1, namely, the
N,H or N:H tautomer depending on the location of the
hydrogen. The two entities of the protonated dimer are
differentiated by their charge state. The atoms belonging to
the protonated moiety will be denoted by “P” in subscript,
while those of the neutral moiety will be denoted by “N”. For
example, the carbon C; of the neutral part will be denoted Cy;
and the nitrogen N of the protonated part will be called Np,.

(b) Experimental methods

Tandem mass spectrometry experiments were performed in
the room temperature 7T FT-ICR hybrid mass spectrometer
(Bruker, Apex Qe) equipped with an Apollo II electrospray
ionization source of the SMAS (Spectrométrie de Masse, Analyse
et Spectroscopie) facility at the Centre Laser Infrarouge d’Orsay
(CLIO).>*>® The protonated dimers were generated by electro-
spray of slightly acidified 50 uM solutions in a 50:50 mixture
of methanol and water. The dipeptides were obtained from
Novopep (China) (98% purity). The details of the experiments
can be found in previous publications.*>**>°~®! Briefly, the ions
were mass-selected in a quadrupole mass filter, thermalized in

17

Chart 1
neutral cyclo LPhe-LHis.

19784 | Phys. Chem. Chem. Phys., 2022, 24,19783-19791

(a) Structure of protonated cyclo LPhe-LHis and numbering of the atoms. (b) Structure of the N H-tautomer (left) and N.H-tautomer (right) of
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the hexapole linear trap by colliding with argon, and trans-
ferred to the FT-ICR cell.

Vibrational spectra were obtained by means of Infrared
Multiple Photon Dissociation (IRMPD).** The IRMPD spectra
were obtained by irradiating the mass-selected and thermalized
ions in the ICR cell and monitoring the Ln of the total
fragmentation efficiency @ = —Ln(P/(F + P)) as a function of
the IR wavelength, with P and F being the abundance of the
parent and the sum of the fragments, respectively. The spectra
were recorded in the fingerprint region (800-1800 cm ™" region)
by mildly focusing the CLIO free-electron laser (FEL) (25 Hz
repetition rate) 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 1.6 to 1 W from 800 to
1800 cm™ ', For the 3 um spectral region, an IR Optical Para-
metric Oscillator (LaserVision OPO, 5-10 m] pulse™ ') was
slightly focused by the same spherical mirror. The irradiation
time was carefully adjusted to avoid the saturation of the most
intense transitions. No collisional cooling could occur between
two laser pulses during the irradiation of the ions in the FT-ICR
cell due to the very low pressure there (<10~ ° mbar).

() Computational methods

The potential energy surface (PES) was explored using the
Monte-Carlo Multiple Minima procedure in the MacroModel
suite and the Maestro interface of the Schrodinger package.®®
For each protonated dimer (c-LL),H" and (c-LD),H", the two
tautomers of the neutral moiety, namely, N;H and N.H, were
considered. Two protonation sites were also considered, setting
a formal charge +1 on N H' or N;H'. Five simulations, using
different sampling methods of the ‘“advanced conformational
search”” option and the OPLS2005 force field,** were performed
for each structure. The window in energy was fixed to
10 kcal mol ', The number of isomers was then reduced using
the “redundant option” included in Macromodel program. The
used root-mean-square deviation was chosen so that between
60 and 80 conformers were obtained at the end of the process,
for the different explorations.

All the geometries obtained at this stage were fully opti-
mized in the gas phase in the frame of the density functional
theory (DFT) using the TURBOMOLE package.®>°® The calcula-
tions were performed with the b97-d functional including
dispersion corrections®”®® and the TZVPP basis set,®® which
is a good compromise between accuracy and calculation time
for systems of this size with a large number of isomers. The
resolution of the identity was used to reduce the computation
time.”® All minima beyond 5 kcal mol " were then re-optimised
at the ri-b97-d-D3BJ/def2-TZVPPD level of theory.®®”" The cal-
culations were performed in both the gas phase and solution.
Solvation was accounted for by the “cosmo’ keyword, using a
dielectric constant of water ¢ = 80, to reproduce the conditions
of an aqueous solution prior to the electrospray. The harmonic
frequencies were calculated at the same level of theory and
scaled by a factor of 0.978 to account for basis set incompleteness
and anharmonicity. The spectra were simulated by convoluting
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the scaled harmonic frequencies by a Gaussian line shape of
10 cm™ ! FWMH. In what follows, we give the energies corrected by
the zero-point-energy (ZPE) at 0 K in vacuum (AE) as well as the
Gibbs free energies at room temperature in vacuum (AG) and in
solution (AGsy). The complexes retained for the assignment were
re-optimised using the B3LYP functional with D3 dispersion
corrections and the 6-311++G(d,p) basis sets,”*””* using the Gaus-
sian16 BO1 software.”” The frequencies were calculated at the
same level of theory and scaled by 0.955 as for the monomer. The
results are identical to those discussed here and are shown in
Fig. S1 of the ESIL,f for the 3 pm region.

Results and discussion

(a) Experimental results

The vibrational spectrum of the (¢-LL),H" and (¢-LD),H" proto-
nated dimers have been recorded in both the fingerprint and
the OH/NH/CH stretch region by monitoring the fragment at m/
z 284, i.e. the protonated monomer, which is the only fragment
observed by CID. The fingerprint region is identical for the two
diastereomers and will be discussed later. In contrast, the
3000-3600 cm ' region shows striking differences between
(c-LL),H" and (c-LD),H", as shown in Fig. 1.

The major difference between the (c-LL),H' and (c-LD),H"
protonated dimers is the presence of two intense transitions
located at 3385 and 3418 cm ™' for (c-LD),H", which contrasts
with the single intense feature observed for (c-LL),H' at
3422 cm™'. The other transitions in this region are similar
for the two diastereomers, with a weak band at 3500 cm ™" and
three broad bands in the low-frequency range, at 3225, 3155
and 3090 cm . The broad transition observed at ~3230 cm™*
also has larger relative intensity and a different shape in
(c-LD),H compared to (¢-LL),H".

(b) Calculated structures and assignment

The spectra of all calculated structures were compared to
the experiment by visual examination. The simulated spectra
showing the best match with the experiment are shown in
Fig. 1. The corresponding calculated structures are given
in Fig. 2 and the most relevant structural parameters are listed
in Table 1.

Only one structure among those calculated accounts for
the spectrum of (¢c-LD),H', namely n-(c-LD),H" (see Fig. 2a).
In contrast, the spectrum of (c-LL),H" can be simulated using
any of the calculated (c-LL),H" structures shown in Fig. 2b and
¢, namely, n-(c-LL),H" and t-(c-LL),H". It should be noticed that
none of the calculated structures accounting for the experi-
mental results is the most stable protonated dimer. In terms of
AE, n-(c-LL),H" or 1-(c-LL),H" are indeed destabilised by 3.4
and 4.0 kecal mol *, respectively, relative to the most stable
calculated form, and n-(c-LD),H" by 1.1 kcal mol . A similar
situation is encountered for AG with n-(c-LL),H" or t-(c-LL),H"
destabilised by 3.7 kcal mol™" and n-(c-LD),H" by 2.0 kcal mol ™.
Solvation does not substantially modify the energetics and AGg,
amounts to 6.3 and 6.2 keal mol " for n-(c-LL),H" or t-(c-LL),H",

Phys. Chem. Chem. Phys., 2022, 24,19783-19791 | 19785
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Fig. 1 Left: (a) Experimental IRMPD spectrum of c-(LD),H™ in the region of 3 um. (b) Simulated spectrum for n-(c-LD),H*. Right: (a) Experimental IRMPD
spectrum of c-(LL),H*. (b) Simulated spectrum for n-(c-LL),H*. (c) Simulated spectrum for t-(c-LL),H" (see text).

a) m-(cLD),H*

b) m-(cLL),H*

c) t-(cLL),H*

Fig. 2 Protonated dimers accounting for the experimental spectrum, calculated at the ri-b97-d-D3BJ/def2-TZVPPD level of theory. (a) n-(c-LD),H",
(b) m-(c-LD),H*, and (c) t-(c-LD),H*. Hydrogen bonds are indicated by dashed lines in the 3D structures (top) and by arrows in the 2D schemes (bottom).
The strong ionic NH™- - -N interaction is shown in red, the neutral NH- - -O interactions in green, the NH- - -i interactions in purple, and the intramolecular

NH- --O interaction in blue.

respectively, and 2.6 kcal mol " for n-(c-LD),H". We can conclude
from these values that solvation does not favour the observed
complexes, but an increase in temperature does. It is therefore
possible that high temperature and transient conditions during
the electro-spray ionisation process are responsible for the
observed structures. Still, the assignment is unambiguous due
to the excellent match between simulated and observed spectra.
The spectrum of the most stable calculated protonated dimer
does not match the experiment and is shown in Fig. S2 of the
ESL

The proton is located on the imidazole ring in all the
calculated structures, whether (c-LL),H" or (c-LD),H". This is
identical to what has been observed in the protonated histidine
monomer or its complexes®®’® and in the protonated cyclo

19786 | Phys. Chem. Chem. Phys., 2022, 24,19783-19791

(Phe-His) monomer.*>*® Moreover, the phenyl ring of Phe is

always folded over the DKP ring (g* geometry) for (c-LL),H" and
(c-LD),H" alike and whether the subunit within the dimer is
neutral or protonated. The histidine aromatic ring of the
protonated moiety is also folded on the aromatic ring
(g geometry). This contrasts with the protonated monomers,
shown in Fig. S3 of the ESI, in which His is in t geometry to
allow the formation of the intramolecular NH'---O hydrogen
bond. The latter is broken in the dimer to the benefit of the
strong intermolecular ionic NH'- - -N interaction. The histidine
aromatic ring of the neutral moiety is also g* in both (c-LL),H"
calculated conformers. The folded conformation of all the
aromatic ring results in very compact structures that allow maxi-
mising the hydrogen bonds and optimising the dispersion.

This journal is © the Owner Societies 2022
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Table 1 Structural parameters defining the structures of m-(c-LD),H* and t-(c-LL),H*. The dihedral angles are defined as t;(N;gC;Cs5Ce) and
72(N19C3C12Cy3). The first letter in the Newman projection thus corresponds to the Phe residue (always (), and the second letter to His (L or b). The
interactions are characterized by the hydrogen bond length or the inter-ring distance and the angle defining the linearity of the hydrogen bond, given in

parentheses
Charge state Newman Distance between the centres Intramolecular
Structure  of monomers  projection 1, (°) 1, (°) of the aromatic rings (A) interaction Intermolecular interaction
n-(cLD),H"  Neutral (N) gp'eL” —54 —73 691 CnaoH: + Tinphe (3.82 A)  NpyoH- - Tgpne (2.91 A)
Ni1oH: - ‘Tinris (342 A)  NyggH- - -Opy1,C (1.96 A; 160°)
Protonated (P) gp'gL’ —63 62 7.03 CpaoH- - Tipphe (2.50 A)  NpH'- - Nz (1.68 A; 168°)
NpH: - -Opyq (2.10 A)
n-(cLL),H"  Neutral (N) grter’ 72 65 4.50 Tinphe: * “Tinmis (450 A)  NpgoH- - -Opyg (1.77 1§; 175°)
) Np1gH- - -Onyy (1.97 A; 161°)
Protonated (P) g.'g." 66 73 3.87 Tpphe” * Tpmis (3-87 A) NpH" - Ny, (1.72 A; 156°)
1-(cLL),H"  Neutral (N) g et 50 54 6.75 Nnr- - ‘Onie (2.20 A) NiioH- - -Opyg (1.96 A; 171°)
NpigH: - -Onyy (1.82 A, 172°)
Protonated (P) g.'g." 61 51 3.64 Tpphe: * “Tpmis (3.87 A) NpH" - Ny, (1.68 A; 166°)

n-(c-LD),H" stands out by the g~ conformation of the His
aromatic substituent. This results in a less compact geometry,
with an extended imidazole conformation of the imidazole ring
that is necessary for the concomitant formation of the ionic
NpH'- - Ny, interaction and the Np,H- - -Ony6 hydrogen bridge.

As seen in Fig. 2, the (c-LL),H" and (¢c-LD),H" dimers have in
common a strong ionic intermolecular hydrogen bond NH"- - -N
linking the two moieties. (¢-LL),H" and (c-LD),H" differ by the
location of the NH involved in the ionic hydrogen bond, on N;
for (c-LD),H" and N, for (c-LL),H". Notwithstanding this differ-
ence, the characteristics of the ionic hydrogen bond are similar
in all the structures shown in Fig. 2. Although strong, this
hydrogen bond cannot be seen as a completely shared proton.
The NH bond length is indeed of the order of 1.07 Avs. ~1.7 A
for the NH'- - ‘N distance. The hydrogen bond is not far from
linearity (~155-170°). In all cases, NBO calculations indicate
that the positive charge is mostly localized (~ 0.65) on the NH
involved in the ionic hydrogen bond. The neutral moiety
corresponds to a different tautomer for the different calculated
dimers. n-(c-LD),H" or m-(c-LL),H" contain the most stable
neutral N H tautomer, whose structure has been determined
by rotational spectroscopy in the gas phase.”” In 1-(c-LL),H",
it is the less stable N H tautomer, akin to the 5-imidazole
tautomer.

The most striking difference between (c-LL),H" and (c-LD),H"
is the pattern of the additional hydrogen bonds that stabilise the
dimer. In 7-(c-LD),H", a single additional neutral Ny;gH: - -Opy5
intermolecular hydrogen bond is formed between the two pep-
tide rings, bridging the amide NH of the neutral Phe residue to
the amide CO of the protonated Phe residue. An additional
Np.H- - -Ops¢ intramolecular interaction within the protonated
moiety is also present, reminiscent of what is observed in the
protonated monomer.*® In addition, N;opH forms a weak NH- - -1
hydrogen bond with the benzene ring of the neutral moiety.

In contrast, the (c-LL),H" dimers accounting for the experi-
mental spectrum involve two NH---OC hydrogen bonds. This
pattern has been observed in the solid state of cyclo (Phe-Phe)
or its dimer under supersonic expansion conditions.”® The two
dimers, namely, n-(c-LL),H" and t-(c-LL),H" have very similar

This journal is © the Owner Societies 2022

structures. They both show the major ionic NpH'---N inter-
action described above. However, they differ in the tautomer of
the neutral subunit acting as an acceptor in this intermolecular
H bond. For n-(c-LL),H', the acceptor nitrogen is Ny, as
observed in (¢-LD),H", while for t-(c-LL),H" it is Ny.. In both
n-(c-LL),H" and 1-(¢c-LL),H", the two peptide rings are linked by
two head-to-head NH---O hydrogen bonds, forming an anti-
parallel B-sheet pattern. For n-(c-LL),H" and t-(c-LL),H" alike,
one of the NH: - -OC bonds is formed from the phenylalanine
NH group of the protonated moiety to the phenylalanine CO
group of the neutral. The other NH- - -OC bonds is formed from
the histidine NH group of the neutral moiety to the histidine
CO group of the protonated part.

We can now assign the experimental spectra at the light of
the structures described above. The experimental spectrum of
(c-LD),H" (see Fig. 1a) can be safely assigned to m-(c-LD),H".
The medium intensity transition observed at 3500 cm™'
is assigned to the neutral imidazole »(Ny.H) calculated at
3508 cm . The free ¥(N.H) in histidine-containing peptides
also appears in the same range between 3500 and 3520 cm ™ *.”°
The v(NH) frequency observed here is similar but slightly lower
than the free ©(NH) frequency of imidazole trapped in helium
droplets (3517.8 cm ™ *),%° in jet-cooled imidazole complexes
(3515-3520 cm ™) or imidazole containing peptides.”®*"%

The intense experimental doublet at 3385 and 3418 cm ™' is
well reproduced by the simulations. The higher-energy transi-
tion of the doublet is assigned to the NpH" vibration of the
protonated imidazole that gains intensity through the intra-
molecular NH- - -O interaction. The lower-energy component of
the doublet is assigned to the amide 1(Np;oH) of the histidine
residue of the protonated sub-unit, which gains intensity due to
the NH- - -w intermolecular interaction with the benzene ring of
the neutral sub-unit. The shoulder on the high-energy side of
the doublet at 3437 cm ™" is assigned to a free amide (Np;gH).
The broad band at 3233 cm ' is attributed to the amide
(Nn1gH) of the phenylalanine residue involved in the inter-
molecular Ny;gH---Op;sH bond, calculated at 3274 cm™.
Its intensity is weaker in the experiment than in the simulation
because of the low energy of the laser in this range and the
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band broadening resulting from the strong HB formation. The
very weak features below 3200 cm ™" are due to »(CH) stretches.
The frequency of the protonated imidazole »(Np;H") involved in
the intermolecular Np.H"- - Ny, hydrogen bond is calculated at
2454 cm™ ! due to its ionic character and is out of the wave-
length range of the IR OPO used as a light source. Last, the
weak and broad absorption bands at ~3180 and 3050 cm ™'
are due to the aromatic (CH) of the imidazole and phenyl
moieties, respectively.

The calculated spectra of n-(c-LL),H" and t-(c-LL),H" are very
similar in the hydride stretch region. We shall first compare the
experimental spectrum to that simulated for n-(c-LL),H'. The
experimental band at 3501 cm™" corresponds to (Ny.H) of
the neutral imidazole calculated at 3510 cm™*, similarly to
(c-LD),H". The single intense band at 3424 cm ' is attributed
to (Np.H) of the protonated imidazole, whose frequency is
downshifted and intensity is increased due to NH-:--m intra-
molecular interaction with the phenylalanine aromatic ring.
The observed frequency is slightly lower than that observed in
the imidazole/benzene complex (3445 cm '), which also
involves an NH- - -r interaction,®® probably because of a partial
delocalisation of the positive charge in the imidazole ring. The
two experimental broad bands at 3224 and 3092 cm ' are
assigned to the two amide »(NH) involved in the B-sheet
pattern. The vibrational modes calculated at 3084 and
3196 cm ' are mainly localised on the Ny;oH of the neutral
moiety and Np,gH of the protonated moiety, respectively. This
is reminiscent of what is observed in the solid-state of DKP
dipeptides. Crystallographic results unambiguously show the
presence of antiparallel B-sheets with two different NH---O
distances, even in symmetrical systems like cyclo (Phe-Phe),
resulting in two different frequencies. The shoulders at
3170 cm™ " that appear in the same range in the calculated
spectrum are due to imidazole ©(CH). The frequency of the
N H" involved in the ionic intermolecular hydrogen bond,
calculated at 2590 cm ™', cannot be observed experimentally
as it was the case for (c-LD),H".

Comparing the experimental spectrum to t-(c-LL),H" leads
to the following assignment: the experimental band at
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3501 cm ' is associated with the transition calculated at
3510 cm™ ' corresponding to the y(Np.H) of the protonated
imidazole, a value close to that observed in protonated histi-
dine (3482 cm ™ ').*° The intense band at 3424 cm™* is attributed
to (Ny-H) of the neutral imidazole calculated at 3445 cm ™.
The transition is shifted down in frequency and gains intensity
relative to its counterpart in m-(c-LL),H" due to an intra-
molecular Ny, H-:--Oyi6 interaction. It should be underlined
that the Ny H- - -Ony interaction is only possible for t-(c-LL),H"
but not in n-(c-LL),H" because Ny.H is too far from the HB
donor. Finally, the two broad experimental bands at 3224 and
3092 cm ™ correspond to the two intense calculated transitions
at 3099 and 3183 cm ‘. They stem from the amide »(NH)
involved in the intermolecular NH---O hydrogen bonds. As
observed in m-(c-LL),H", the two bonded amide (NH) are
localized in t-(c-LL),H". Their frequency order is inverted
relative to m-(c-LL),H". The 1(Np;gH) located on NpigH- - -Oyy7
is now lower in frequency, reflecting an inversion in the NH- - -O
distances (see Table 1). As described for (c-LD),H", the (CH)
appear in the same range and are responsible for the experi-
mental shoulder at 3090 cm™"'. The frequency of the NpH"
involved in the ionic intermolecular hydrogen bond is calcu-
lated at 2521 cm ™" and cannot be experimentally observed, it is
slightly lower in t-(c-LL),H" than n-(c-LL),H".

The experimental spectrum in the 3 pm region does not
allow assigning unambiguously the observed protonated
(c-LL),H" dimer to n-(c-LL),H" or 1-(c-LL),H". We cannot make
the assignment based on relative energies as both protonated
(c-LL),H" dimers have similar Gibbs energy. Therefore, we have
also recorded the IRMPD spectrum in the fingerprint region.
It is shown in Fig. 3 together with the calculated spectra of
n-(c-LL),H" and t-(c-LL),H". In contrast to the 3 um region,
the calculated fingerprint region show spectral differences,
allowing us to preferentially assign the observed complex to
n-(c-LL),H". Indeed, the transitions observed at 1422 and
1327 cm ™' are better accounted for by the calculated spectrum
of n-(c-LL),H". Moreover, the calculated transition at 1080 cm ™"
and the shoulder at 1620 cm™' seem to be experimentally
observed at 1090 cm ™" and 1620 cm™ ', respectively. It should

wavenumber (cm™)
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» b) z
g g
Nel o)
< < | b)
a
) a)
1000 1200 1200 1600 1800 1000 1200 1400 1600 1800
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Fig. 3 Left: (a) Experimental IRMPD spectrum of c-(LD),H* in the fingerprint region. (b) Simulated spectrum for r-(c-LD),H*. Right: (a) Experimental
IRMPD spectrum of c-(LL),H™ in the fingerprint region. (b) Simulated spectrum for n-(c-LL),H™. (c) Simulated spectrum for t-(c-LL),H*.
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be noted that the triplet observed in the amide I region of the
monomer, which was characteristic of the NH"--.O intra-
molecular interaction, is not observed here, which confirms the
assignment.*’

Conclusion

The results presented here lead to the conclusion that the
effects of stereochemistry on the protonated dimer of cyclo
(Phe-His) strongly contrast with those observed in the proto-
nated monomer. The ¢-(LL)H" and ¢-(LD)H" protonated mono-
mers show identical structures, which cannot be distinguished
by their vibrational spectroscopy in a room-temperature ion
trap. However, they display very different CID efficiency, in
particular for the CO loss channel, due to the shuttling mecha-
nism of the proton localized on the imidazole.*> In contrast,
(c-LL),H" and (c-LD),H" have very different spectroscopic sig-
natures that prove unambiguously that an antiparallel B-sheet
interaction takes place in (c-LL),H' and not in (c-LD),H".
(c-LL),H" and (c-LD),H" differ much more in their spectro-
scopic signatures than systems showing a single strong inter-
action like a shared proton, as observed for example in the
protonated alanine-camphor dimer, whose floppiness prevents
the formation of stereoselective additional interaction points.®*
They also show much more specificity than chiral amino
acids® like glutamic acid dimers or other simple systems like
sodium core methyl tartrate dimers, although the latter display
the multiple interaction points that are thought to be necessary
for chiral recognition.?® This selectivity probably arises partially
from the diastereomerism being intramolecular in nature,
in contrast to the diastereomeric complexes mentioned above,
which might result in stronger effects due to reduced
flexibility.®" This may also be due to the peculiar properties of
histidine. Indeed, the strong sensitivity to chirality observed here
strongly contrasts with what is observed for the cyclo (Tyr-Pro)
protonated dimer, the structure of which is identical for iden-
tical or opposite absolute configurations of the residues.*® These
results support the peculiar role of histidine in the structure
and fragmentation of peptides.”™® The differences between
(c-LL),H" and (c-LD),H" are very marked, and do not involve
weak ancillary interactions as seen in other systems but the
presence or not of an antiparallel B-sheet.®*® While N, of the
neutral part acts as an acceptor in the ionic NH"- - -N hydrogen
bond for both protonated dimers, as it does in neutral imidazole
or His-containing peptides,”””® the two diastereomer differ in
the nature of the NH' group of the protonated moiety that acts as
a donor. It is N;H" in c-(LD),H" while it is N;H" for (c-LL),H".
Last, the complexes observed in the ion trap are not the most
stable calculated structures. Trapping higher energy conformers
is frequently observed in experiments coupling mass spectro-
metry and laser spectroscopy and results from kinetic trapping
of species entropically favoured at the high temperatures
achieved during the electro-spray ionisation process.?* ™
It may result from a non-thermodynamic distribution of the
electrospray due partly to the high but non-evaluable temperature
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and from the important role of the solvent in the aggregation
process right before the vaporization. Continuum solvation
models used in this work are not sufficient to account for the
modification of relative energies by solvation. This point must be
especially true in the case of histidine-containing peptides due to
their large sensitivity to solvation and deserves further theoretical
investigation.*
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