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Abstract

Protonated dialanine cations have been isolated in a Fourier transform ion cyclotron
resonance mass-spectrometer (FT-ICR-MS) and subjected to infrared multiphoton dissociation
(IRMPD) at the free electron laser facility CLIO in Orsay (France). The spectral dependence of the
IR induced fragmentation pattern in the mid-infrared region (800-2000 cm™) is interpreted with the
help of structure and vibrational spectrum calculations of the different protonated conformers. This
comparison allows for the assignment of the proton on the terminal amino group, as the most

favourable proton site, the neighbouring amide bond being in the ¢rans conformation.



1. Introduction

Identification of proteins is routinely performed by means of mass-spectrometry. Following
proteolysis, a tryptic digest peptide fragment can be introduced in the gas phase and ionised, either
by means of electrospray ionisation (ESI) or by matrix assisted laser desorption ionisation
(MALDI), and then submitted to fragmentation. The peptide fragment mass-fingerprint then leads
to the protein primary sequence. Collision induced dissociation (CID) is a very efficient process for
deposition of energy in an isolated peptide cation leading to its fragmentation !-5. According to the
peptide cation sequence, different fragmentation patterns are observed and several authors have
contributed to the development of a “mobile proton model” which aims to explain those cleavage
patterns 6-8. In this model, it is assumed that before energy deposition, a proton is tightly bound by
the peptide in its lowest energy configuration at a basic site (e.g. at the N-terminal or on a side-
chain). Following excitation, the proton then explores different excited configurations that become
populated and cleavage takes place once it is located on a backbone site. For example, as recently
reviewed in reference 9, different (b or y) cations are produced whether the positive charge remains
on the N terminal fragment or on the C terminal. Understanding gas-phase dissociation mechanisms
is useful for improving procedures which are used in peptide sequencing and protein identification

by means of mass spectrometry”.

It has recently been shown that gas-phase conformations can strongly influence peptide
fragmentation 10, We here consider a method that provides enough energy to induce protonated
peptide fragmentation and that leads to structural information about the initial intact gas-phase
peptide cations. Those protonated ions, produced by MALDI, are first stored and mass-selected in a
Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS). They are further
submitted to infrared multiphoton dissociation (IRMPD) and the fragment ion yields are recorded as
a function of the IR excitation energy !l. IRMPD requires the use of a laser source of high peak
fluence of infrared photons, which can be tuned over the different vibrational absorption lines. A
high repetition rate is also required for multiple photon absorption leading to dissociation during ion
trapping times. These conditions are well fulfilled by infrared free electron lasers (FEL) as recently

demonstrated at FELIX 12 and CLIO 11,

Some important points must be stressed concerning this technique. Although cations are
produced by MALDI, at high internal energies of about 1500 K, they are trapped in the ICR cell
during few seconds (2 s in the present experiments) before exposure to the IR radiation. Thus, they
have enough time to substantially relax towards room temperature, as it has been shown by the

extensive work of Dunbar et al. on the radiative relaxation time constants for cations of similar size
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and similar initial excess internal energies 13. In the present IRMPD experiments, the first IR photon
is then absorbed by cations that present a low density of vibrational states. This first step is resonant
and its spectral dependence is thus characteristic of the initial cation conformations at room
temperature, as usual in IR absorption spectroscopy. This first amount of added energy is then
rapidly redistributed over the different coupled modes and further absorption of IR photons leads to
fragmentation, due to progressive heating, in a very similar fashion as compared to multiple
collision activation (MCA-CID) !-5. Direct absorption infrared spectroscopy of cations would be
very difficult due to the extremely small ion densities obtainable in mass spectrometers and one
here takes advantage of the high sensitivity of fragment ion detection in FT-ICR-MS, in order to
monitor the first resonant step. However, one should not expect a perfect matching between
observed and calculated spectral fragmentation patterns. For calculating fragmentation spectra, it is
assumed for simplicity that only the resonant initial excitation step has to be taken into account.
While absorption frequencies can be determined with a reasonable accuracy by means of DFT
(Density Functional Theory), which is the most accessible method for such mid-size molecular
systems, intensities are not so well predicted 14. Moreover, for fragmentation, this first step is
necessarily followed by multiple absorption within a quasi-continuum where vibrational transitions

can be slightly red-shifted and broadened due to anharmonic couplings 15.

Up to now, different methods have been used for the determination of protonation sites of
peptides. Experimentally, one can study deprotonation reactions of investigated peptides by
reference compounds !¢ or hydrogen/deuterium exchange reactions!?. Those studies are usually
complemented by quantum chemistry calculations, which provide low-energy equilibrium
structures and protonation energetics 3- 6. In the present work, we would like to show that IR
spectroscopy can also bring valuable information on the protonation sites of peptides ions, isolated
in the gas-phase and close to thermal equilibrium at room temperature. The results reported here
concern the protonated dialanine cation, Ala-Ala-H', which fragmentation pattern has been
thoroughly studied, in MCA-CID experiments !. 4. This cation already possesses several
conformers, similar to those encountered in larger protonated peptides, with different protonation
sites. However, its small size (24 atoms), and its very simple methyl side-chains, allows for a rather
easy exploration of its whole potential energy surface (PES), with still simple computational means.
We also take advantage of the detailed theoretical study of the very similar protonated diglycine,
previously performed by Suhai et al. 6 8. After a description of the experimental procedure, spectral
dependences of IRMPD fragmentation yields will be discussed with the help of calculation of the

different AlaAla-H" cation structures and their simulated vibrational spectra.



2 Experimental

IRMPD of AlaAla-H" cations has been studied in a home-built compact FT-ICR-MS,
MICRA, which has been described in detail elsewhere !8. This spectrometer has a permanent
magnet producing a magnetic field of 1.25 Tesla, allowing for a mass-range of 10 to 1000 amu, and
its mass-resolution is better than 30 000 at mass 161 of the studied cations. Those AlaAla-H"
cations were produced by a MALDI technique: racemic dialanine (DL-Ala-DL-Ala from Aldrich)
was mixed with alpha-cyano-4-hydroxycinnamic acid (CHCA) as the matrix, in a 1:1 mass ratio,
and compressed into a Imm thick pellet. A 4 x 4 mm piece of this pellet was then glued on a steel
holder, which was mounted just outside the ICR, 6 mm away from a trapping plate. The cations
entered the ICR cell collinearly with the magnetic field through a 5 mm diameter hole. The target
holder was maintained at 1.8 V, while a 3.5 V potential was applied to the trapping plates, so as to
optimise the ion signals. Furthermore, synchronised with the pulsed laser output at the YAG third
harmonic wavelength, the potential of the entrance trapping plate was pulsed down to OV for about
25 us, in order to allow for ion entrance into the cell. As outlined above, these cations initially
possess a large amount of internal energy and thus fragment. They were thus allowed to internally
relax, close to room temperature, either by collisions with the background gas (few 10® Torr) or by
radiative decay, during 2 seconds. Cations with the mass of interest, i.e. 161 amu, were then mass-

selected, by ejection of all other ions, before IR irradiation.

Fragmentation was then resonantly induced by IRMPD. The electron accelerator of the FEL
CLIO facility was set at 44 MeV and a continuously tuneable laser beam was obtained between 800
and 2000 cm™ with a bandwidth of about 10 cm™. A train of 25 macropulses per second was sent
into the trap during 2 seconds after cation selection. One macropulse contained 500 micropulses,
each of them of few picoseconds duration, separated by 16 ns. During the present experiments, the
measured mean laser power was stable around 800 mW, at 9 pm, thus corresponding to 32 mJ per
macropulse or 64 pJ per micropulse. At 5 um, the laser power was only 380 mW. However, in the
present experiments, this FEL beam was attenuated by a factor of 3, using one attenuator, in order
to avoid saturation. The laser beam entered the vacuum chamber perpendicular to the magnetic field
through a ZnSe window. It was mildly focussed with a one-meter focal length spherical mirror and
the beam waist was estimated to be about 0.3 mm at 5 pm, i.e. smaller than the size of the ion cloud
18 Considering the variation of the waist as a function of the laser wavelength, the IR fluence can
be estimated to be about the same from 5 to 9 um. Thus, considering the complex multiphoton
character of the IRMPD process, no fluence correction has been applied and the raw IRMPD

spectra are here provided and compared to calculated absorption spectra.



3 Results and discussion

The observed mass spectra are very simple and similar to those obtained in the high-pressure
regime of CID experiments 1, which corresponds to multiple-collision activation. Before IR
irradiation or for a FEL wavelength outside the absorption bands, the main peaks correspond to
mass 161, i.e. intact protonated dialanine, and to masses 189, 172 and 146, i.e. parent and fragment
cations from the CHCA matrix. Another small peak corresponds to mass 44, i.e. the well-know
immonium a; ion H,N'=CH-CHj that is always observed for alanine-containing peptide !. Two
other small peaks appear at masses 70 and 187, corresponding to masses 44 and 161 plus an
additional mass 26. When IRMPD occurs, no spectral fingerprint is observed for any of these ions
except for the parent (161) and immonium fragment (44) ions. The former displays spectral
depletion that corresponds to a simultaneous increase of the fragment signals. We thus here present
the fragmentation yield as corresponding to mass 44 fragment signals divided by the sum of the
fragment and parent cation signals, as plotted as a function of the FEL photon energy in Fig. 1. This
spectrum is dominated by three groups of absorption bands: a first one with two peaks at 1130 and
1170 cm'l, a second one with several peaks at 1375, 1400, 1460 and 1525 cm'l, and a last double
peak at 1700 and 1760 cm™. Despite the laser attenuation, the fragmentation yield is quite high and
amounts up to 60% for the first peaks. From the shape of the first and the last three peaks, it can be
estimated that the full width at half maximum (FWHM) is about 40 cm’, for each individual
absorption line. A similar bandwidth had been obtained in the case organometallic complexes 11,
protonated benzene 19 and sodiated amino acids!5, which were recorded with a similar experimental
procedure. Since the laser bandwidth is only about 10 cm™, this experimental line width is probably
mainly due to the rotational bandwidth of the ions at room temperature, as it is observed for similar
neutral molecular species in the gas phase 20. However, we cannot exclude some additional

broadening due to some remaining saturation or due to the multiphoton process.

Infrared absorption spectra of different low-lying energy configurations of the AlaAla-H"
cation have been calculated in order to assign the IRMPD fragmentation patterns. As already stated
above, different sites are available for the excess proton and several conformations must be
considered for each of them. An exploration of the PES of the protonated dialanine cation has been
carried out using the conformational search algorithm implemented in HyperChem 7.0 (Hypercube
Inc.). We here use the same nomenclature as in the study of protonated diglycine 6. The site of
protonation is indicated by A for the N-terminal amino group or O for the carbonyl oxygen of the
amide C=0 group. We here consider only A and O protonation sites since the PES of protonated

dialanine is expected to be very similar to that of protonated diglycine, as calculated by Suhai et al.
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6, In this case, conformers protonated at the nitrogen atom of the amide group (D) and diol-like
conformers (G), originating from protonation at the acidic C=0 group, lie more than 10 kcal/mole
above the A and O conformers and are thus very unlikely to be populated at 300 K. We indeed
calculated that the lowest D conformer lies more than 12 kcal/mol above the most stable conformer

in the present dialanine case.

The conformational search was performed at the AM1 semi-empirical level. For both A and
O isomers, we explored the PES along all the torsion (dihedral) angles of the peptide backbone and
the O-H bond orientations. About 20 local minima, lying within 10 kcal/mol above the absolute
minimum, were selected as starting points for full structure optimisations at the hybrid density
functional B3LYP/6-31G* level, using the Gaussian 03 package 2!. Subsequent (harmonic)
frequency calculations were also performed, in order to check for actual minima and to obtain the
corresponding IR frequencies. Calculated relative energies of the lowest conformers, including the
zero-point-energy (ZPE) and the thermal energy at 298 K, are provided in Table 1 together with the
energies relative to the most stable A1l conformer. In order to check for the validity of the present
calculation level, we also performed single point B3LYP/6-31++G** energy calculations, at the
B3LYP/6-31G* geometry. The results are also given in Table 1 for the eleven most stable
conformers. With these larger basis set calculations, the corresponding relative energetics of the
low-lying conformers do not change much and are always within 0.7 kcal/mol with respect to
B3LYP/6-31G* results. In the following, we will thus refer only to these results. We also give the
backbone (W, w, ) and OH (q, B) orientation torsion angle values that have been used in the
conformational search, again with the same nomenclature as in the diglycine study ©. Fig. 2 displays
the four lowest calculated equilibrium structures of AlaAla-H". Among the lowest-energy
conformers, A1/A2/A3 and O1/02/0O3 conformers are similar, in geometry and in relative energies,
to those calculated for protonated diglycine ©. In particular, they correspond to a frans conformation
of the amide bond, i.e. W values close to 180°. However, for each of them, we found some
additional minima, denoted in Table I by ‘ or * symbols, which correspond to some variations in the
torsion angles. More importantly, we also found additional minima corresponding to a cis
conformation of the amide bond, i.e. w values close to 0°. These equilibrium structures were not
considered for the protonated diglycine ion although one of them, the cisA3 conformer in the
present study, lies only 1.63 kcal/mol above the lowest conformation A1. We must however outline
that the frans-cis isomerisation is highly improbable since the corresponding barrier is expected to
be very high. We indeed calculated that the barrier height between transAl and cisA3 conformers is
more than 1 eV (24.2 kcal/mol). For comparison, the calculated barrier height values, for the trans

conformations, are only 3.2 kcal/mol between Al and O1 and 2.5 kcal/mol between Al and A2. In



the matrix, dialanine molecules are expected to be initially in the regular trans conformation. When
produced by MALDI, protonated ions are created with high internal energies, typically of about kT
~ 3 kcal/mol per mode at an estimated temperature of about 1500 K. From the above isomerisation
barriers, it is thus expected that only #rans ion conformations can be formed. After being cooled
down close to 300 K, the mean cation internal energy per mode is decreased to kT ~ 0.6 kcal/mol
and the relevant energetic quantities are the free energies. The present calculated (harmonic) free
energy differences with respect to Al are 2.21 kcal/mol for Ol and 1.59 kcal/mol for A2
conformers. From the above isomerisation barriers and energy differences, it is thus expected that
the trans conformer populations should be in the order A1 >> A2 > O1. Other conformers lie at too
high energies (about 3 kcal/mol or more, with respect to Al) to be noticeably present at room
temperature. These theoretical predictions are discussed below from the comparison between the

experimental spectrum and the simulated spectra.

For the four lowest calculated conformers, Al cisA3 Ol and A2, the corresponding
predicted IR absorption spectra in the 800-2000 cm™ range are presented in Fig. 3. Those simulated
spectra have been obtained by using the regular scaling factor of .9614 22, for the calculated
harmonic vibrations at the present level of theory. Furthermore, calculated stick spectra have been
convoluted with a 40 cm™ wide (FWHM) Lorentzian profile, in order to better simulate the
experimental spectrum. The comparison between those simulated spectra and the experimental
spectrum leads us to the conclusion that the observed conformer must correspond mainly to a
transA geometry. The best fit to the experimental spectrum indeed corresponds to conformer
transAl, while conformer transA2 also matches quite well. In those cases, the theoretical line
positions correspond nicely to peaks in the IRMPD absorption spectrum, particularly in the region
above 1300 cm™, while A1 appears to perform slightly better than A2 in the region 1000-1200 cm™.
However, in both cases and at least below 1500 cm™, the line intensities are clearly not as good as
the line positions. These discrepancies in the line intensities could be due either to the rather rough
theoretical method employed here or, as discussed in the introduction, to the IRMPD process itself.
The cisA3 conformer can be clearly ruled out. First, it displays only one intense peak at 1725 cm’™
instead of two at 1700 and 1760 cm™ in the experimental spectrum. Second, this conformer
spectrum does not display any intense peak around 1525 cm™ whereas a quite large IRMPD
fragmentation is observed at this energy. The transO1 conformer can also be ruled out because of
the discrepancies again at 1700 cm™', where two peaks are present but too much separated at 1680
and 1760 cm™. Furthermore, around 1400 cm™, calculated absorption bands are much too weak as
compared to the experimental data. We have also checked that, for the following higher energy
conformers, such, or even worse, discrepancies are observed. We can thus conclude that, in

protonated dialanine, protonation occurs on the terminal amino group, corresponding either to the
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transAl or the transA2 conformers. This is in good agreement with the above theoretical
predictions, from the calculated conformer energetics. However, only more refined calculations and
better-resolved experimental data could bring more information on all conformer populations at

room temperature.

4 Summary and conclusions

From the IRMPD spectrum of the protonated dialanine cation, as compared to standard
quantum chemistry calculations, we conclude that the favoured protonation site is the terminal
amino group, at least at low internal energies close to room temperature. We found that the IRMPD
spectrum matches with those of the two low-energy conformers corresponding to this protonation
site. These two conformers were predicted to be within the four lowest energy isomers of the
system and, for both of them, the adjacent amide bond is in the regular trans conformation. The
lowest energy conformer A1l corresponds to an almost planar geometry of the peptide backbone (all
torsion angles close to 180°). It differs from the second one A2 in only one torsion angle, the Cymige-
N-C-C,iq dihedral angle that is close to 90°, leading the acidic group to be almost perpendicular to
the beginning of the peptide backbone. From this comparison and from the calculated energetics, it
is concluded that all others conformers, such as cis conformations of the amide bond or protonation

sites on the amide oxygen, do not noticeably contribute to the experimental IR spectrum.

Additional information, obtained from other parts of the IR spectrum, and more refined
energetic and frequency calculations of the low-lying equilibrium structures, may help to obtain a
more quantitative agreement between the calculated and experimental spectra. It seems that the
present technique may be limited to relatively small systems (several tens of atoms) so that only few
low-energy conformers contribute to the experimental spectrum, which can still retain some
characteristic sharp features, and so that accurate quantum chemistry calculations can still be
performed, over the whole low-energy part of the PES. The IRMPD technique is however a unique
tool to study the main structures of isolated molecular or complex ions of biological interest, a well-
defined thermodynamic temperature. The comparison with theoretical calculations is made much
easier than for condensed phase data, because of the absence of solvent effects. Other data obtained
on different small protonated peptides will be reported soon and future experiments should also

concern negative ions such as nucleotides or sulfated monosaccharides.



Table 1: Energetic and geometrical parameters for the lowest-energy conformers of Ala-Ala-H'.

Relative electronic energies corrected from ZPE (AEzpg at 0 K) and relative electronic plus thermal

energies at 298 K (AEjg) are calculated at the B3LYP/6-31G* level and are given with respect to
most stable conformer transAl (Ezpg = -571.239519 Hartree and Eygg = -571.227128 Hartree). For

the lowest conformers, we also give the results of single point energies calculated at the B3LYP/6-

31++G**//6-31G* level (AEgp), also relative to the transAl total energy (Esp = -571.494450

Hartree). The torsion angles are also given (see text for nomenclature) for all displayed conformers.

Other conformers, located higher than 10 kcal/mol above fransAl, have been omitted, as for all D

and G conformers.

Conformer | ©4 | BE 1 BBl ol 6@ | e@) | w@ | a@) | BO)
(kcal/mol) | (kcal/mol) | (kcal/mol)
transAl 0 0 0 175.6 | 177.2 | -162.1 173.7 178.7
cisA3 1.63 1.40 1.75 128.8 | -25.8 541 | -1545 | -1774
transO1 1.73 1.59 1.20 180.0 | 180.0 | -164.3 | 173.2 178.7 0.0
transA2 1.73 1.81 1.52 1659 | 1619 -74.3 177.8 180.0
transO2 3.15 2.94 2.49 -4.0 168.8 46.4 145.2 175.0 168.0
transQ2’ 3.70 3.48 3.20 -3.1 -167.2 | -55.3 | -140.2 | -175.8 | -164.4
transA3 3.74 3.54 3.37 -120.0| 1419 -61.1 -178.7 | -179.1
transA3’ 4.00 3.83 3.95 113.1 | -141.9 57.8 180.0 | -178.6
transA2’ 4.07 4.08 3.71 165.1 | -165.3 62.0 180.0 | -178.6
transO3 4.13 4.10 3.39 176.5 | 168.8 -71.5 180.0 180.0 1.7
transAl’ 4.35 4.43 4.17 173.6 | 1774 | -153.0 | -11.7 | -177.5
transO1’ 6.17 6.15 1789 | 180.0 | -154.5 | -13.7 | -177.6 0.0
cisO3 6.37 6.22 169.2 | -15.3 -654 | -1644 | -177.6 6.5
transO3’ 6.37 6.27 178.0 | -169.0 62.7 177.8 | -179.1 1.5
transA2” 6.50 6.57 170.8 | -178.5 58.0 30.2 176.0
cisA3’ 7.88 7.67 129.2 | -28.3 -53.2 | -153.3 6.5
transO5 8.41 8.58 -9.7 180.0 | -1614 | 172.1 178.6 23
cisAl1-2 8.49 8.42 152.3 | -29.1 71.9 140.0 175.8
transO3” 8.73 8.69 178.0 | -177.4 59.0 26.5 176.3 0.8
transO2” 9.02 8.95 -3.8 -170.2 | -71.3 67.3 180.0 | -164.6
transA3” 9.43 9.24 -119.8 | 140.5 -59.7 177.8 -0.9
transQ7 9.70 9.84 -10.0 172.7 -699 | -177.7 | 180.0 -3.6




Figure 1: Fragmentation yield of protonated dialanine cations, for mass 44 fragments, as a function

of the FEL energy.
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Figure 2: Lowest-energy structures of protonated dialanine.
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Figure 3: Comparison between the calculated IR spectra, for the four lowest AlaAla-H" calculated
conformers of Fig. 2, and the experimental spectrum. Stick spectra correspond to scaled harmonic
frequencies and intensities are such that 1 on the Y axis corresponds to 100 km/mol. Dash lines
correspond to simulated spectra obtained after convolution with a 40 cm™ FHWM wide Lorentzian

profile. The experimental spectrum has been shifted in order to facilitate the comparison.
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