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Binding motifs in the naked complexes of target amino acids with an excerpt of antitumor active biomolecule. An ion vibrational spectroscopy assay Introduction

The subtle modulation of inter-and intramolecular binding motifs controls the role and function of biomolecular host-guest adducts such as substrate-enzyme and drug-receptor complexes. Elucidating conformational preferences and interaction energies is crucially important to understand their biological activity although the structural characterization represents a challenging goal. The most usual methods are based on X-ray crystallography and NMR spectroscopy, though each one presents known limitations. NMR requires relatively major quantities of sample while X-ray analysis needs preliminary crystallization. Therefore, the availability of alternative approaches is desirable and methods based on mass spectrometry (MS) have a great potential because they are not exposed to these limitations. Over the past couple of decades infrared multiple photon dissociation (IRMPD) spectroscopy combined with mass spectrometry and theoretical calculations has emerged as a powerful tool to obtain structural information about charged biomolecular complexes in an isolated state. [1][START_REF] Rijs | IR Spectroscopic Techniques to Study Isolated Biomolecules[END_REF][START_REF] Polfer | Infrared photodissociation of biomolecular ions[END_REF][START_REF] Stedwell | Structures of biomolecular ions in the gas phase probed by infrared light sources[END_REF][START_REF] Polfer | Vibrational spectroscopy of bare and solvated ionic complexes of biological relevance[END_REF] The structure of naked biomolecules in the gas phase may not reflect their native geometry in solution. However, it offers a useful counterpart to the different perspective provided by solid state X-ray diffraction. In the present contribution IRMPD spectroscopy is applied to inquire about structural features and noncovalent interactions in ionic complexes of 5,7-dimethoxy-4H-chromen-4-one (1) (Scheme 1). This molecule is an excerpt of Glabrescione B (Scheme 1), a natural small molecule found in the seeds of Derris Glabrescens (Leguminosae). Glabrescione B is capable to inhibit glioma cell growth and represents a promising candidate in the treatment of this lethal tumor. [6][START_REF] Mori | Gli1/DNA interaction is a druggable target for hedgehog-dependent tumors Paola Infante[END_REF][START_REF] Ghirga | Current trends in hedgehog signaling pathway inhibition by small molecules[END_REF][START_REF] Botta | Targeting GLI factors to inhibit the Hedgehog pathway Infante[END_REF] The basic unit chromone is an oxygencontaining heterocyclic molecule forming the core of a large family of compounds widely spread in nature, especially in the plant kingdom. [START_REF] Chromone | A Valid Scaffold in Medicinal Chemistry[END_REF] With an aryl pendant in position 3 bearing two O-prenyl groups, the isoflavone Glabrescione B has been suggested to operate by directly binding to the zinc finger domain of Gli1 transcription factor and to inhibit its binding to DNA. [START_REF] Mori | Gli1/DNA interaction is a druggable target for hedgehog-dependent tumors Paola Infante[END_REF][START_REF] Ghirga | Current trends in hedgehog signaling pathway inhibition by small molecules[END_REF] Scheme 1. Structure of 5,7-dimethoxy-4H-chromen-4-one (1) and of Glabrescione B. Atom numbering is indicated on the chromone core of 1.

The ionic complexes to be assayed by IRMPD spectroscopy are proton bound heterodimers formed by 1 and a basic amino acid, namely lysine and histidine. In a sequence of increasing molecular complexity the earliest models to be sampled are protonated 1 and its adduct with 4(5)-Methylimidazole (MeIm, existing as rapidly equilibrating tautomers). MeIm stands for the imidazole side chain substituent of histidine (His). [START_REF] Corinti | Cisplatin Binding to Biological Ligands Revealed at the Encounter Complex Level by IR Action Spectroscopy[END_REF] The pKa near neutrality of this bifunctional group is responsible for the versatility of His residues in general acid or base catalysis. [START_REF] Breaker | An amino acid as a cofactor for a catalytic polynucleotide Roth[END_REF] Also due to this reason, His residues are frequently present in the active site of protein enzymes. Lysine (Lys) is the second most basic (following after arginine and close to proline) among the proteinogenic amino acids in water where the -amino group surpasses the -amino group in basicity. A role has been ascribed to Lys residues in the interaction of Glabrescione B with Gli1. [START_REF] Mori | Gli1/DNA interaction is a druggable target for hedgehog-dependent tumors Paola Infante[END_REF] Proton bound complexes involving an amino acid (AA) partner have been profitably investigated by IRMPD spectroscopy. IRMPD spectroscopy of proton-bound dimers consisting of valine and primary and secondary amines of increasing basicity has revealed a transition from complexes holding protonated valine to complexes of protonated base and neutral valine. [START_REF]Changes in Binding Motif of Protonated Heterodimers Containing Valine and Amines Investigated Using IRMPD Spectroscopy between 800 and 3700 cm -1 and Theory[END_REF] Structural aspects of proton-bound homo and hetero dimers composed of amino acids with aliphatic and aromatic side chains have been investigated by IRMPD spectroscopy and electronic structure calculations. [START_REF]Structures of Aliphatic Amino Acid Proton-Bound Dimers by Infrared Multiple Photon Dissociation Spectroscopy in the 700-2000 cm -1 Region[END_REF][START_REF] Rajabi | Infrared Multiple Photon Dissociation Spectra of Proton-and Sodium Ion-Bound Glycine Dimers in the N-H and O-H Stretching Region Atkins[END_REF][START_REF] Wu | Experimental and Theoretical Investigation of the Proton-Bound Dimer of Lysine Ronghu[END_REF][START_REF] Xiong | The structures of proton-bound dimers of glycine with phenylalanine and pentafluorophenylalanine Fu[END_REF][18] While isolated amino acids exist in the gas phase exclusively in canonical form, in a complex with a charged partner the zwitterionic form can be stabilized due to the presence of strong hydrogen bonds. 18,[START_REF]Infrared multiple photon dissociation spectra of proline and glycine proton-bound homodimers. Evidence for zwitterionic structure[END_REF] IRMPD spectroscopy studies of proton bound homodimers have shown a relationship between the stability of so-called salt bridge structures, holding a zwitterionic AA, and the proton affinity of the AA. [START_REF] Andersson | Structure of Proton-Bound Methionine and Tryptophan Dimers in the Gas Phase Investigated with IRMPD Spectroscopy and Quantum Chemical Calculations Åke[END_REF][START_REF] Alahmadi | The Protonated and Sodiated dimers of Proline Studied by IRMPD Spectroscopy in the N-H and O-H Stretching Region and Computational Methods[END_REF][START_REF]Reinvestigation of the Structure of Protonated Lysine Dimer. Kong, X[END_REF][START_REF] Yin | Structure of Protonated Threonine Dimers in the Gas Phase: Salt-Bridged or Charge-Solvated?[END_REF][START_REF] Seo | Side-chain Effects on the Structures of Protonated Amino Acid Dimers: A Gas-phase Infrared Spectroscopy Study[END_REF][START_REF]Probing Chirality Recognition of Protonated Glutamic Acid Dimers by Gas-phase Vibrational Spectroscopy and First-principles Simulations[END_REF] Gas-phase clusters of protonated methylamine and several phenylalanine derivatives were shown by IRMPD spectroscopy to vary from charge solvated structures to salt bridge structures, according to the protomeric form of the amino acid. [START_REF] Kleisath | Structures and Energetics of Protonated Clusters of Methylamine with Phenylalanine Analogs, Characterized by Infrared Multiple Photon Dissociation Spectroscopy and Electronic Structure Calculations[END_REF] Methylamine was chosen to represent primary amino groups that are ubiquitous in biological system, in a similar perspective as in the present study. 

Mass spectrometry

Collision induced dissociation (CID) experiments were performed using a commercial hybrid triplequadrupole mass spectrometer equipped with an electrospray ionization (ESI) source (2000 Q-TRAP Applied Biosystems), with a Q1q2QLIT configuration (Q1 = mass analyzing quadrupole; q2 = N2-filled collision cell; QLIT, linear ion trap). Electrosprayed ions obtained by infusion of a 10 -5 M methanol solution of the selected analytes were mass-selected (Q1) and allowed to collide with N2 in q2 at a nominal pressure of 1.1 × 10 -5 mbar. Finally, the product ions were monitored scanning QLIT. The experimental parameters used were: ion spray voltage at 5.5 kV, curtain gas at 20 psi, GS1 at 20 psi, declustering potential at 60 V and entrance potential at 5 V.

IRMPD spectroscopy

Two distinct energy ranges were explored in IRMPD experiments. The fingerprint range (900-1900 cm -1 ) was investigated using the beamline of the free electron laser (FEL) at the Centre Laser Infrarouge d'Orsay (CLIO). In order to optimize the laser power in the frequency range of interest, the electron energy of the FEL was set at 44,4 MeV. The FEL beamline is coupled with a hybrid FT-ICR tandem mass spectrometer (APEX-Qe Bruker) equipped with a 7.0 T actively shielded magnet and a quadrupole-hexapole interface for mass-filtering and ion accumulation, under control of the commercial software APEX 1.0 as described previously. [START_REF] Bakker | Gas-Phase Structure of a -Allyl-Palladium Complex: Efficient Infrared Spectroscopy in a 7 T Fourier Transform Mass Spectrometer[END_REF] The ion of interest was selected in the quadrupole and then accumulated for 1 s in the hexapole containing a buffer gas to allow collisional cooling before being transferred into the ICR cell. Ions were then irradiated with the IR FEL light, after which the resulting mass spectra, recorded by averaging four accumulations, were analyzed. The irradiation time was varied from 220 ms to 5 s depending on the system and the use of up to 4 attenuators was necessary during the analysis of the proton bound heterodimers to avoid saturated signals. Vibrational modes associated with the X-H (X = N, O or C) stretches were investigated by recording IRMPD spectra in the 2900-3700 cm -1 frequency range. To this end, an optical parametric oscillator/amplifier (OPO/OPA) (LaserVision) coupled to a Paul ion trap mass spectrometer (Esquire 6000+, Bruker Daltonics), was used as previously illustrated. [START_REF] De Petris | Vibrational Signatures of the Naked Aqua Complexes from Platinum(II) Anticancer Drugs A[END_REF] The average output energy from the OPO/OPA laser (3-4 cm -1 bandwidth) was 17-20 mJ/pulse. In the ion trap, ions were first accumulated for 10 ms and then mass-selected prior to IR irradiation. In the OPO/OPA experiments, the irradiation time was varied from 0.3 to 1 s and each mass spectrum was obtained by the averaging of four accumulations. IRMPD spectra were obtained by plotting the photofragmentation yield R (R =ln[Iparent/(Iparent + ΣIfragment)], where Iparent and Ifragment are the integrated intensities of the mass peaks of parent and fragment ions, respectively) as a function of the wavenumber of the IR radiation.

Computational details

The optimized geometries and frequency analysis of [1+H] + [1+MeIm+H] + [1+His+H] + ions [1+Lys+H] + ions reported in the following sections are the result of hybrid DFT calculations at B3LYP/6-311++G** level of theory. A collection of initial trial structures for the sampled ions was obtained by performing a Monte Carlo conformational survey employing the MMFF molecular mechanics model with the Spartan'16 program package as well as using chemical intuition. The plausible low energy structures were submitted to hybrid DFT calculations at increasing level of theory, eventually yielding optimized structures characterized by all positive frequency vibrational modes, thereby corresponding to local minima. In this procedure binding motifs and low energy geometries already reported to describe the most stable structures for protonated His and Lys were also obtained. Representative structures have been selected from each set of closely related conformers as a basis for the results and discussion section. Calculated vibrational frequencies were used to determine zero-point energies and to obtain relative enthalpies (H298) and Gibbs free energies (G298) at 298 K. Harmonic frequencies are scaled with factors of 0.98 (0.96) in the 900-1900 cm -1 (2900-3700 cm -1 ) range, according to reported values that were found to properly account for experimental frequencies in previous work using the same level of theory. [START_REF] Corinti | An integrated approach to study novel properties of a MALDI matrix (4-maleicanhydridoproton sponge) for MS imaging analyses D[END_REF][START_REF] Corinti | Complexation of halide ions to tyrosine: role of non-covalent interactions evidenced by IRMPD spectroscopy D[END_REF] Computed IR absorption spectra are convoluted with a Lorentzian line shape with a full width at half maximum (fwhm) of 20 cm -1 (5 cm -1 ) in the 900-1900 cm -1 (2900-3700 cm -1 ) range for convenient comparison with the experimental IRMPD spectra.

All DFT calculations were performed using the Gaussian09 software package. 31

Results and Discussion

Formation of protonated species and proton-bound complexes. Sampling by activated dissociation

When a methanol solution of 1 is analyzed by ESI-MS in positive ion mode, the protonated species, [1+H] + , is revealed at m/z 207 in significant abundance (Figure S1 in the Supporting Information, SI). The relative ease of 1 to undergo protonation is ascribed to the stability and aromatic character of the carbonyl protonated species which acquires the structure of a 4-hydroxybenzopyrylium ion. [START_REF] Hepworth | Heron Pyrans and their Benzo Derivatives: Structure chapter 5.07 in Six-membered Rings with One Heteroatom and Fused Carbocyclic Derivatives[END_REF] In the presence of selected added solutes, namely MeIm and amino acids (AAs) endowed with basic groups in their side chain (His, Lys), proton bound heterodimers are readily observed, namely [1+MeIm+H] + and [1+AA+H] + (Figures S2-3 and S5). In contrast, no adducts are obtained in the presence of simple aliphatic AAs such as glycine or valine, suggesting the requirement of a significantly basic functionality to provide adequate stabilization for the complex to be observed. The isolated ionic species can be assayed either by collision induced dissociation (CID) or by IR multiple photon dissociation. In both cases a stepwise activation process is induced either by translational to internal energy conversion in a collision event or by direct absorption of IR photons. The activation process triggers the fragmentation along the lowest energy dissociation channel.

[1+H] + dissociates by loss of either 15u (likely a methyl group, 66%) or 44u (possibly CH3CHO, 33%) (Figure S1). The dissociation of protonated substituted chromones has revealed fragmentation channels occurring via ion-neutral complexes. 33 However, the dissociation pathway of [1+H] + is not the actual focus. The dissociation of the proton bound heterodimers is more interesting because it releases the two components either as neutral molecule or as protonated species. In doing so, it reveals the relative gas phase basicity (GB) of the two partners. [START_REF] Mcluckey | Proton affinities from dissociations of proton-bound dimers[END_REF][35][START_REF]Entropy considerations in kinetic method experiments C. Wesdemiotis[END_REF] [1+MeIm+H] + undergoes dissociation by exclusive loss of MeIm, indicating 1 to be more basic (Figure S2). The GB of MeIm, equal to 921 kJ mol -1 , 37 is then a lower limit for the GB of 1.

The competitive dissociation of 1 or AA as neutral fragment from [1+AA+H] + ions is more balanced (Eq. 1).

(1)

In the case of histidine, the ratio of 1 versus His loss is 45/55 under CID (Figure S3) and 25/75 under IRMPD conditions (Figure S4). In the case of lysine, the 1 versus Lys loss ratio is 20/80 under CID (Figure S5) while prevailing Lys departure (1 versus Lys loss ratio equal to ca. 10/90) is observed under IRMPD conditions (Figure S6). The photofragmentation appears to be somewhat more selective than the CID process and both activation methods indicate the GB of 1 to be close to the GB of the two amino acids. Reviewed values are 949±4 kJ mol -1 for GB(His) and 947±4 kJ mol -1 for GB(Lys). [START_REF]Gas Phase Basicities of Polyfunctional Molecules. Part 3: Amino Acids Bouchoux[END_REF] These data, supporting a comparable GB of the two AAs, slightly favoring His, are consistent with the bias for neutral loss of the less basic AA from the sampled [1+AA+H] + protonated heterodimers. Interestingly, the GB of 1 is exceptionally high when it is compared with common GB values for compounds holding a carbonyl group as basic site. [START_REF]Gas-Phase Basicities of Polyfunctional Molecules. Part 4: Carbonyl Groups as Basic Sites Bouchoux[END_REF] This outcome is in line, though, with the expected high stability of the protonated form, the 4-hydroxybenzopyrylium ion. Indeed, 1 approaches the basic properties of tropone, which upon protonation yields an aromatic hydroxytropylium ion. [START_REF]Heats of formation and protonation thermochemistry of gaseous benzaldehyde, tropone and quinine methides[END_REF][START_REF] Chiavarino | gaseous C7H7O + ions: Benzylium versus tropylium ion structures[END_REF] 

Structural and vibrational features of [1+H] + ions

The structure of [1+H] + ions has been investigated by DFT calculations at B3LYP/6-311++G** level. The results show the carbonyl protonated species to be characterized by the OH + •••OCH3 hydrogen bond interaction, yielding the optimized geometry Chrom_1 as the most stable one (Figure 1). The orientation of the methoxy group in C7 has a minor effect, placing the relative energy of conformer Chrom_2 at 5.9 kJ mol -1 , while removal of the H-bond interaction in conformer Chrom_3 destabilizes protonated 1 by 31.0 kJ mol -1 . The IR spectra for the lowest energy candidates Chrom_1 and Chrom_2 are comparable and may both well account for the experimental IRMPD spectrum of [1+H] + (Figure 2). stretches of the ring frame calculated at 1645 and 1603 cm -1 in the IR spectrum of Chrom_1. A third predicted highly active mode at 1569 cm -1 , associated to the in plane COH bending, is apparently not contributing in the experimental spectrum. This mode may be potentially diagnostic of the presence and role of the OH + •••OCH3 hydrogen bond because its frequency is blue-shifted in the IR spectrum of Chrom_1 when compared to the 1536 cm -1 wavenumber in the IR spectrum of Chrom_3. However, the in-plane COH bending has been often found to be poorly active when the group is engaged in H-bonding. [START_REF] Steill | Gas-Phase IR Spectroscopy of Deprotonated Amino Acids Oomens[END_REF][START_REF] Serine | sulfation probed by IRMPD spectroscopy[END_REF][START_REF] Corinti | Cisplatin Primary Complex with L-Histidine Target Revealed by IRMPD Spectroscopy[END_REF] This missing vibrational signature thus provides circumstantial evidence for the presence of H-bonded species Chrom_1-2. 

Structural and vibrational features of [1+MeIm+H] + ions

The proton-bound complex of 1 and 4(5)-methylimidazole (MeIm) is described by the lowest energy geometries Chrom_MeIm_1-3 depicted in Figure 3. The noteworthy common feature is the proton residing on the former aza group of MeIm that is engaged in a hydrogen bond with the carbonyl oxygen of 1. This finding is unexpected because the relative GBs suggest protonation on 1 to be favored. In fact, as described in the previous paragraph, the isolated molecules display thermodynamically favored protonation of 1 as clearly evidenced by the dissociation products of the proton bound [1+MeIm+H] + heterodimer, namely The lowest energy Chrom_MeIm_1 isomer is characterized by the favored orientation of the C7-methoxyl group, already observed in the optimized structures of [1+H] + , while the different position of the methyl group in the MeIm unit does not affect the energy of the [1+MeIm+H] + heterodimer to any significant extent (see the relative enthalpy of Chrom_MeIm_2 at 1 kJ mol -1 ). In view of the -electron rich character of the imidazole ring, a specific search has been carried out for any -stacking interaction that may engage MeIm and protonated 1 and thus stabilize the heterodimer in a proper arrangement. However, geometry optimization from tentative starting structures did not yield any minimum, converging rather to Chrom_MeIm_1. A number of alternative geometries whereby protonated 1 interacts with neutral MeIm, oriented towards different sites of the protonated partner, have been also investigated. However, their higher energy content rather disproves their contribution, as further testified by their calculated IR spectra, meagerly compatible with the sampled species (Figure S7). In fact, the IRMPD spectrum of [1+MeIm+H] + ions recorded both in the fingerprint range (900-1800 cm -1 ) and in the X-H (X=O,N,C) stretching range (2900-3700 cm -1 ) is well accounted for by the IR spectra of the low energy geometries Chrom_MeIm_1-2 (Figure 4). In fact both structures should contribute to the thermal population at the room temperature of the experiment. The theoretical IR spectra support the assignment of the major features in the IRMPD spectrum of [1+MeIm+H] + ions Table S2. The stretching of the free N-H at 3485 cm -1 accounts for the most prominent band in the 2900-3700 cm -1 range, where a minor feature at 3167 cm -1 is assigned to CH stretches of the imidazole ring. The band at 1586 cm -1 is due to the C=O stretching, a remarkably red shifted value for a carbonyl group, reflecting its role as H-bond acceptor. The band at 1630 cm -1 encompasses CC stretching modes of both chromone and imidazole ring frames while a distinct feature at 1300 cm -1 is associated to ring breathing and CH in-plane bending modes. 

Structural and vibrational features of [1+His+H] + ions

The proton-bound complex of Chrom and His, [1+His+H] + , is characterized by several low lying structures, displaying the common feature of being composed of protonated His associated with neutral 1. In other words, in spite of the comparable GB of 1 and His emerging from the protonated heterodimer dissociation, in the [1+His+H] + complex the proton resides on the amino acid. However, two families of protonated His have been recognized due to protonation on either one of the two competing basic sites, namely the amino group and the imidazole substituent on the side chain. Both tautomers comprise a large array of different conformers. [START_REF] Huang | Protonation Processes and Electronic Spectra of Histidine and Related Ions[END_REF][START_REF]Gas-phase structures and thermochemistry of neutral histidine and its conjugated acid and base V. Riffet, G. Bouchoux[END_REF][START_REF] Bleiholder | Revising the Proton Affinity Scale of the Naturally Occurring -Amino Acids[END_REF][START_REF] Gronert | Gas-phase structures and thermochemistry of neutral histidine and its conjugated acid and base[END_REF][START_REF] Uddin | Comparisons of Computational and Experimental Thermochemical Properties of α-Amino Acids[END_REF][START_REF] Sastry | Comprehensive theoretical study towards the accurate protonaffinity values of naturally occurring amino acids Dinadayalane[END_REF][START_REF] Kovacevic | Gas phase structure of protonated histidine and histidine methyl ester: combined experimental mass spectrometry and theoretical ab initio study[END_REF] The most stable structures result from protonation on the imidazole ring while the most favored NH2 protonated conformer is ca. 6 kJ mol -1 higher in energy relative to the imidazole protonated absolute minimum. [START_REF]Gas-phase structures and thermochemistry of neutral histidine and its conjugated acid and base V. Riffet, G. Bouchoux[END_REF] The IRMPD spectrum of protonated histidine has been reported both in the 600-1800 cm -1 fingerprint range [START_REF] Hinton | Infrared multiple photon dissociation spectroscopy of protonated histidine and 4-phenyl imidazole M. Citir[END_REF] and in the 3200-3700 cm -1 range [START_REF] Corinti | Cisplatin Primary Complex with L-Histidine Target Revealed by IRMPD Spectroscopy[END_REF] and ascribed to imidazole protonated species, the major contribution due to a conformer stabilized by an imidazole-NHNH2O=C hydrogen bond network. [START_REF] Hinton | Infrared multiple photon dissociation spectroscopy of protonated histidine and 4-phenyl imidazole M. Citir[END_REF] Also conformer selective IR spectra of protonated His using cold ion spectroscopy reveal structures where the proton resides on the imidazole ring and is engaged in H-bonding with the amino group. [START_REF] Pereverzev | High Susceptibility of Histidine to Charge Solvation Revealed by Cold Ion Spectroscopy[END_REF] In contrast, when protonated His is complexed with 18-crown-6 ether (18C6) IRMPD spectroscopy and theoretical calculations indicate that 18C6 binding shifts the competition towards amino group protonation. [START_REF]Structural and Energetic Effects in the Molecular Recognition of Amino Acids by[END_REF][START_REF]Infrared multiple photon dissociation action spectroscopy of protonated glycine, histidine, lysine, and arginine complexed with 18-crown-6 ether[END_REF] This outcome is suggested to be due to the presence of three strong and nearly equivalent NH + •••O interactions occurring in the complexed -amino protonated species. This binding motif is found to play a role also in the doubly charged complex of arginine with a 18C6 derivative, reported in an IRMPD spectroscopy study of the binding of protonated arginine with the polyether macrocycle used as a model for the development of arginine receptors. [START_REF]Guanidinium/ammonium competition and proton transfer in the interaction of the amino acid arginine with the tetracarboxylic 18-crown-6[END_REF] Within the proton bound [1+His+H] + complex, a network of hydrogen bonding interactions characterizes the conformational arrangement of the protonated (His+H + ) and the neutral (1) partners. Three representative low energy geometries are depicted in Figure 5 to stand for each of the two families of proton bound heterodimers, hosting His protonated on either the imidazole (Chrom_His_1 and Chrom_His_3) or the amino (Chrom_His_2) group. Chrom_His_1 and Chrom_His_2 lie at approximately the same energy level so that both tautomers are expected to contribute to the sampled ion population and in fact the experimental IRMPD spectrum supports the presence of both species when it is compared with the calculated IR spectra as displayed in Figure 6. In this regard, the NH/OH stretching range is especially revealing. The most pronounced band at 3560 cm -1 is a common feature to all structures possessing a free OH in a syn carboxylic group (Chrom_His_1 and Chrom_His_2), being calculated at 3597-3592 cm -1 Table S3. The second intense band at 3496 cm -1 is instead characteristic of the NH stretching of imidazole when the group is not involved in H-bonding, as found in Chrom_His_2. The minor feature at 3170 cm -1 is accounted for by the CH stretching of the imidazole group in Chrom_His_1, properly matching the corresponding mode revealed in the IRMPD spectrum of [1+MeIm+H] + ions and supporting the presence of an imidazole protonated group. A broad absorption extending through the 3090-3340 cm -1 range is associated to NH stretches engaged in Hbonding. H-bonding is documented in IRMPD spectroscopy to result in broad structureless features to the point of being poorly resolved from background signal. [START_REF] Sartakov | Gas-Phase Infrared Multiple Photon Dissociation Spectroscopy of Mass-Selected Molecular Ions Oomens[END_REF][START_REF] Moss | Gas-Phase Structures of Phosphopeptide Ions: a Difficult Case Turecek[END_REF][START_REF] Wang | Effect of Phenol and Acidic Side Chains on the Protonation Sites of b2 Ions Confirmed by IRMPD Spectroscopy[END_REF][START_REF] Phenylalkylamines | Cation-π Interactions in Protonated[END_REF] So these features do not convey any useful structural information. The fingerprint range does not allow to discriminate the contribution of different tautomers because of the comparable wavenumber and activity of the IR modes in the spectra of the reported structures. The IRMPD spectrum is also similar here to the spectrum of [1+MeIm+H] + ions. An obvious addition is the band at 1786 cm -1 attributed to the C=O stretching of the carboxylic group. The dominant, partly merging bands at 1600 and 1636 cm -1 are due to ring CC stretching modes with additional contributions of the umbrella mode of NH3 in Chrom_His_2 and the in-plane NH2 scissoring, respectively. In the lower wavenumber range the particularly pronounced band at 1416 cm -1 suggests some contribution of Chrom_His_3, characterized by a distinct band at 1392 associated to OH bending of the COOH group. To summarize, protonation on both the amino group and the side imidazole group needs to be invoked to account for the observed IRMPD spectra. Furthermore, different H-bonding motifs may be prevailing in the sampled species. For example the NHs of protonated imidazole are H-bond donors to the carbonyl group of 1 and to the -amino group in Chrom_His_1 while the latter acceptor is replaced by the carbonyl group of an anti carboxyl group in Chrom_His_3. Alternative conceivable structures whereby protonated 1 interacts with neutral His placed along the border of the chromone ring are higher in energy (by ca. 40 kJ mol -1 relative to the global minimum) and their IR spectrum does not support any relevant contribution to the sampled population.

Structural and vibrational features of [1+Lys+H] + ions

As already found for [1+His+H] + , also the lowest energy structures of [1+Lys+H] + complexes consistently present protonation on the amino acid rather than on the chromone unit, in agreement with the somewhat higher basic properties of Lys with respect to His (Figure 7). Between the two competing amino groups, protonation of the NH2 side chain substituent is more favorable than protonation of the -amino group in the isolated amino acid, just as in solution. [START_REF]Gas Phase Basicities of Polyfunctional Molecules. Part 3: Amino Acids Bouchoux[END_REF][START_REF] Bleiholder | Revising the Proton Affinity Scale of the Naturally Occurring -Amino Acids[END_REF][START_REF] Gronert | Gas-phase structures and thermochemistry of neutral histidine and its conjugated acid and base[END_REF][START_REF] Sastry | Comprehensive theoretical study towards the accurate protonaffinity values of naturally occurring amino acids Dinadayalane[END_REF][START_REF] Bush | Structures of lithiated lysine and structural analogues in the gas-phase: Effects of water and proton affinity on zwitterionic stability Lemoff[END_REF][START_REF] Schroeder | Proton Affinity of Lysine Homologues from the Extended Kinetic Method[END_REF][START_REF] Schaefer | Proton affinities of lysine and histidine: a theoretical consideration of the discrepancy between experimental results from the kinetic and bracketing methods Bliznyuk[END_REF][START_REF] Wu | Gas phase basicities and proton affinities of lysine and histidine measured from the dissociation of proton bound dimers[END_REF] The lowest energy forms of [Lys+H] + are species stabilized by a twofold hydrogen bond interaction in which the protonated amino group is hydrogen bond donor to the N-terminus and to the carbonyl oxygen, as described by the NH3 +  NH2 and NH3 +  O=C network. The IR spectrum calculated for this molecular arrangement has been found to account well for the major features in the IRMPD spectrum of [Lys+H] + both in the fingerprint range [START_REF] Forbes | Infrared spectroscopy of cationized lysine and -N-methyllysine in the gas phase: Effects of alkali-metal ion size and proton affinity on zwitterion stability Bush[END_REF][START_REF] Wu | An investigation of protonation sites and conformations of protonated aminoacids by IRMPD spectroscopy[END_REF] and in the 2800-3700 cm -1 range. [START_REF] De Boer | Infrared spectroscopy and structure of photochemically protonated biomolecules in the gas phase: A noradrenaline analogue, lysine and alanyl alanine Vaden[END_REF] The NH3 +  NH2 and NH3 +  O=C bonding scheme characterizes also the low energy geometries of [1+Lys+H] + complexes (a representative one is Chrom_Lys_2, shown in Figure 7). Here the third ammonium hydrogen is engaged in H-bonding with the chromone carbonyl oxygen. In an alternative array of hydrogen bonds (Chrom_Lys_1 in Figure 7) the -amino group does not interact with the protonated terminal but it is rather H-bond acceptor towards a carboxylic group in anti conformation. The two isomers, Chrom_Lys_2 and Chrom_Lys_1 are comparable in energy whereas the latter H-bonding arrangement is destabilized by ca. 8 kJ mol -1 in the free [Lys+H] + ion. [START_REF] Wu | An investigation of protonation sites and conformations of protonated aminoacids by IRMPD spectroscopy[END_REF] This bonding motif is reminiscent of the similar one in Chrom_His_3.

A third representative isomer (Chrom_Lys_3 in Figure 7) bears the additional proton on the -amino group and lies 9 kJ mol -1 higher in energy relative to the most stable Chrom_Lys_1.

The experimental IRMPD spectrum results from the contribution of multiple structures although the representative comparably stable Chrom_Lys_1 and Chrom_Lys_2 isomers of the terminal protonated complex account well for the major features (Figure 8). The free OH stretching at 3563 cm -1 is justified by the syn carboxylic group in Chrom_Lys_2 (and in Chrom_Lys_3) whereas the OH is involved in H-bonding in Chrom_Lys_1 which contributes to a red shifted and broadened absorption at 3060-3240 cm -1 . The latter feature may encompass the NH stretching of Chrom_Lys_1 also engaged in H-bonding while the free NH of the protonated amino group that characterizes the IR spectra of Chrom_Lys_1 (at 3365 cm -1 ) and Chrom_Lys_2 (at 3353 cm -1 ) accounts for the IRMPD band at 3350 cm -1 . Other assignments in the OH/NH stretching range as well as in the fingerprint region are described in Table S4. We rather tend to discard a contribution of Chrom_Lys_3 because the free NH of the protonated backbone amino group is expected to absorb at 3277 cm -1 , corresponding to a flat region in the experimental spectrum. One may also reason that this higher energy isomer should be prone to rearrange to the more stable Chrom_Lys_2. This reaction would in fact involve a proton transfer from the protonated backbone amino group to the terminal NH2 that is already engaged as H-bond acceptor of the proton which is going to shift. In the 900-1900 cm -1 wavenumber range the IRMPD spectrum of [1+Lys+H] + resembles closely the one of [1+His+H] + . The dominant bands at 1590 and 1633 cm -1 are mainly associated to highly coupled CC stretching and NH bending vibrations and the third pronounced band at 1300 cm -1 is related to ring breathing and in plane CH bending of the chromone unit. Overall, the most structurally characteristic and informative portion of the inspected IR spectrum is rather the 2900-3700 cm -1 range.

Conclusions

The interaction between significant portions of biomolecules that are known to exert remarkable biomolecular activity by mutual binding can be examined at a molecular level by IRMPD spectroscopy. The two partners are isolated in the gas phase and made ionic by the addition of a proton. Also at physiological pH the side chain substituent of the sampled amino acids, His and Lys, is at least partially (His) protonated. In the gas phase, which may be considered as a medium approaching the less polar environment prevailing in the interior of a protein, the basicity of His and Lys becomes comparable and also similar to the one of 5,7-dimethoxy-4H-chromen-4-one. However, the role of non covalent interactions is already appreciable in the [1+MeIm+H] + complex. In fact, in spite of the higher GB of 1, within the complex the proton rather resides on MeIm, as confirmed by the matching between the experimental IRMPD spectrum of the complex and the calculated IR spectra of the lowest energy geometries. The basic character of the chromone carbonyl oxygen appears in its role as powerful H-bond acceptor towards the protonated site of the partner molecule. This role is in fact maintained in the [1+AA+H] + complexes where AA is either His or Lys. The experimental vibrational spectra interpreted by means of computed IR spectra for representative low energy geometries assist in the structural assignment. In particular, the presence of a nearly unperturbed NH stretching of the imidazole substituent supports the contribution of a [1+His+H] + complex protonated on the amino group together with an imidazole protonated tautomer. The latter isomer conforms to the most stable structure depicting free protonated His. In contrast, the vibrational features of the [1+Lys+H] + complex may be interpreted by the contribution of terminally protonated species, which may be a reflection of both the slightly higher basicity of Lys relative to His and by the fact that in this case protonation of either terminal or backbone NH2 yields an ammonium ion able to establish up to three Hbond interactions. It may be underlined that solvation of ammonium hydrogens is responsible for the well known discrepancy in the basicity order of (CH3)xNH3-x examined in water and in the gas phase. While in the real case where the bioactive molecule is bound to a peptide or protein, only side chain substituents are readily available for non covalent interactions, the results obtained in this study point out the subtle balance governing the preferred coordination mode and proton location in the presence of competing sites. Furthermore, IRMPD spectroscopy of ESI formed complexes is borne out to provide a suitable tool to potentially investigate the variety of binding motifs underlying drug-receptor interactions.
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 7 dimethoxy-4H-chromen-4-one (1dimethoxy-4H-chromen-4-one (1) is commercially available (Sigma-Aldrich/Merck) and was used as received. The same supplier provided the other chemicals (4(5)-methylimidazole, L-lysine, L-histidine) and research grade methanol used as solvent.
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 1 Figure 1. Representative structures of [1+H] + ions at B3LYP/6-311++G** level of theory. Relative enthalpy and free energy (in italics) at 298 K are reported in brackets (kJ mol -1 ). Distances are in Å.

Figure 2 .

 2 Figure 2. IRMPD spectrum of [1+H] + ions (bottom panel, red and gray (x15) profiles), and calculated IR spectra of Chrom_1-3 optimized structures.

  + and neutral MeIm. The observed shift in protonation site is justified by the relative strength of the C=O••• + HN(MeIm) hydrogen bond interaction when compared with the OH + ••• N(MeIm) alternative H-bond pattern,[START_REF]The ionic hydrogen bond Meot-Ner (Mautner)[END_REF] overlaying the intrinsic basicity properties of the isolated molecules.[START_REF] Martín-Fernández | Large Proton Affinity Enhancements Triggered by Non-Covalent Interactions[END_REF] 
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 3 Figure 3. Representative structures of [1+MeIm+H] + at B3LYP/6-311++G** level of theory. Relative enthalpy and free energy (in italics) at 298 K are reported in brackets (kJ mol -1 ). Distances are in Å.
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 4 Figure 4. IRMPD spectrum of [1+MeIm+H] + ions and calculated IR spectra of Chrom_MeIm_1-3.
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 5 Figure 5. Representative structures of [1+His+H] + ions at B3LYP/6-311++G** level of theory. Relative enthalpy and free energy (in italics) at 298 K are reported in brackets (kJ mol -1 ). Distances are in Å.
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 6 Figure 6. IRMPD spectrum of [1+His+H] + ions and calculated IR spectra of representative isomers (Chrom_His_1-3).
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 78 Figure 7. Representative structures of [1+Lys+H] + ions at B3LYP/6-311++G** level of theory. Relative enthalpy and free energy (in italics) at 298 K are reported in brackets (kJ mol -1 ). Distances are in Å.