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Abstract

Using Fourier transform ion cyclotron resonance mass-spectrometry (FT-ICR-MS) in combination with infrared multiphoton dissociation
(IRMPD) spectroscopy, at the free electron laser (FEL) facility CLIO in Orsay (France), we obtain the IR spectra, in the 900=1 é@tyzm
of two model protonated dipeptide:acetyl-alanine (AcNH-Ala) and alanyl-histidine (Ala-His). By comparison with simulated spectra,
calculated at the B3LYP/6-31++Glevel for many low-lying possible conformers of these two species, we are able to assign the position
of the protonation site, on the acetyl oxygen for AcNH-Ala and on the side-chain imidazole nitrogen for Ala-His, and to obtain some more
information on the low-lying equilibrium structures of these two species in the gas phase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction be achieved by means of a two-step resonant electronic exci-
tation, via the well-known resonantly enhanced multiphoton
The combination of infrared (IR) spectroscopy and mass- ionisation (REMPI) technique. If a resonant IR excitation
spectrometry (MS) is a powerful tool for the determination depopulates the lowest vibrational states, turning the first ex-
of molecular structures in the gas phase. MS allows the selec-citation photon off resonance, a dip appears in the cation
tion of the molecular species of interest and the measuremensignals. This IR/UV double resonance technique has been
of their vibrational frequencies allows the discrimination be- applied to several model biomoleculds-6]. When there is
tween the different possible geometrical structures, through no chromophore, an alternative ionisation method is available
the comparison with quantum chemistry calculations or pre- if the investigated neutral systems possess dipole moments
vious experimental data on similar systems. large enough to capture very low-energy electrons. So-called
When neutral systems are investigated, the ionisation pro-dipole-bound anions, which structures are the same as those
cess must as less perturbative as possible, in order to re-of their neutral parents, are then created and mass-selected.
strict fragmentation so that mass-spectra reflect as muchResonant IR excitation of neutrals is then monitored though
as possible the neutral distribution. For molecular systemsthe observation of dips in the anion signals due to vibra-
possessing a natural or artificial chromophore, with a well- tionally induced electron autodetachment or predissociation
resolved spectrum in the visible/UV region, ionisation can of neutral complexefr]. In both cases, neutral resonant IR
excitation precedes ionisation that is also selective with re-
* Corresponding author. Tel.: +33 149403723; fax: +33 149403200. spect to the molecular conformation, so that the obtained IR
E-mail addressdesfranc@Ipl.univ-paris13.fr (C. Desfranis). spectrum reflects only one neutral equilibrium structure.
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For ionic molecular species in the gas phase, MS allows mobile Fourier transform ion cyclotron resonance mass spec-
selecting directly the species of interest but resonant IR ab-trometer (FT-ICR-MS) MICRA21], as already described in
sorption can be detected only via fragmentation, since ion our previous repofR2]. We here only recall the main aspects
densities are too low for direct absorption measurements.of the experimental procedure and give some more specific
For covalently bound molecular systems, one-photon linear details. The ICR cell operates with a permanent magnet that
absorption does not bring enough internal energy for effi- produces a magnetic field of 1.25T, which limits the mass-
cient dissociation, so that one has to consider either non-range to 1000 amu. The protonated peptides are produced by
covalent complexes or multiphoton techniques. In the first matrix-assisted laser desorption ionisation (MALDI), from
case, a weakly bound neutral messenger is attached to th®.5 mm thick pellets that are produced from a mixing of the
ions and its evaporation is the signature of IR absorption CHCA (a-cyano-4hydroxycinnamic acid) matrix with either
[8-10]. When using rare gas atoms, this messenger favoursAcNH-Ala or Ala-His, ina 1:1 ratio. Amounts of 50 mg each
the cooling of the molecular ions and introduces only minor are required to obtain a pellet solid enough to be easily ma-
modifications in their IR spectrum. In the second case, the nipulated and to resist to more than 2000 desorption laser
ions are generally trapped for some time so that they can ab-shots that are necessary to obtain a full IRMPD spectrum.
sorb several IR photons on the same vibrational transition, For desorption, the pulsed output beam of a Nd:YAG laser is
while each IR excitation spreads over other modes, by in- frequency-tripled and irradiates the pellets without focusing.
tramolecular vibrational relaxation (IVR), in between two The targetis mounted 6 mm away from the entrance trapping
photon absorption. IR multiphoton dissociation (IRMPD) plate of the ICR cell and is maintained at 1.8 V, while a 3.5V
then corresponds to a sequential absorption of IR photonspotential is applied to the trapping plates. The ions enter the
that increases the internal ion energy above the dissociationlCR cell collinearly with the magnetic field through a 5 mm
limit, so that vibrational excitation is monitored through ob- diameter hole drilled in the entrance trapping plate that is
servation of mass-identified charged fragments. IRMPD ex- pulsed down to 0V during 30-5(k after the desorption laser
periments were initially performed with monochromatic or shot. Cations produced in the MALDI plume possess large
line-tuneable sources, e.g., glasergd11-13] and more re- amounts of internal energy and are thus allowed to relax close
cently with high-power widely tuneable IR sources, e.g., free to room temperature through collisions with the residual gas
electron lasers (FELL4—16] Resonant excitation of vibra-  (few 10-8 Torr) or by black-body radiative exchange, during
tional frequencies is thus now possible over a wide spectral 2.4 s for AcNH-Ala and 1 s for Ala-His. Protonated cations
range and this improves considerably the spectroscopic ca-at the mass of interest (132 amu for AcNH-Ala and 227 amu
pabilities of the IRMPD method. for Ala-His) are selected by ejection of all other ions and

The here presented experimental results concern smallare further submitted to IR irradiation during 2s. The FEL
protonated peptidgd 7—19]trapped in an ICR cell. lons are  was operating at electron energies of 40—42 MeV, leading to a
thermalised at room temperature and the rotational distri- maximum average power of about 1 W at 94dfiand 0.4 W
bution is such that the spectral linewidth of the vibrational at 5-6pm. However, both experiments were performed with
absorption lines are comparable to those obtained for neutralone attenuator that divides by 3 the laser fluence, in order to
species at room temperatuf20]. This is in contrast with avoid saturation. Considering the variation of the waist, as
well-resolved spectra obtained for cold neutral species in su-a function of the FEL power, the IR fluence is expected to
personic expansions or for ions trapped at low temperatures.be about the same from 5 to {ubn [22] so that no fluence
Thus, narrow-band IR sources, such as OPOs, do not neceseorrection has been applied on the dissociation spectfra. If
sarily present the best spectral matching and the present dat& the sum of the fragment ions produced by IRMPD &nd
have been obtained with the high-power broadly tuneable the number of intact parent ions, for a given photon energy
CLIO FEL facility in Orsay. This study is the continuation E, the fragmentationyieldi8/(F + P) = 1 — exp[—k(E)1],
of a systematic investigation of protonation sites of small wherek(E) is the fragmentation rate atdhe irradiationtime.
peptides by means of IRMPD. Our first study concerned Because the fragmentation yield was quite high, we rather
dialanine for which we spectroscopically assigned the plot the quantity—In(1 — (F/(F + P))) that is proportional
proton site on the terminal amino group and ttamsamide to the fragmentation rate.
conformation as the favoured structures. We here investigate
protonatedN-acetyl-alanine (AcNH-Ala), i.e., a protected
dipeptide inwhich there is no more terminal amino group, and 3. Results and discussion
protonated alanyl-histidine (Ala-His), a dipeptide containing
a basic side-chain on which the extra proton could be located.3.1. Method

IRMPD is a multi-step absorption process that is possi-

2. Experimental ble due to fast IVR in between two IR photon absorptions
[23,24] A first IR photon is resonantly absorbed when its

The IRMPD spectra of protonated peptides have been ob-frequency coincides with that of the fundamental frequency
tained with the CLIO FEL coupled to our home-built and of a vibrational modé. Due to anharmonic couplings be-
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tween vibrational modes, this excess energy can be quickly 12 : ; ; :
redistributed among other modes, so that the ion is back into Lok : J“l
the fundamental vibrational state of mod®ue to this fast W |
IVR, the excited ion can again absorb a photon resonant with 08T rJ ‘L 1 ] L
the fundamental of modewhile others modes acquire more 0.6t ] /
and more vibrational energy. After several such steps, the ion o4l l ]
internal energy is high enough for allowing ion dissociation. _f..-';‘;;-. a
The FEL temporal structure is well suited for such process: 021 AcNH-Ala i
the CLIO laser delivers series ofi& long macropulses com-
posed of 500 micropulses that are separated by 16 ns. This
time delay is large enough for IVR to occur, so that par-
ent ions can easily absorb several photons within the samerig. 1. Fragmentation rate of the protonatédcetyl-alanine ions, as a func-
macropulse, without enough time for relaxing by radiative tion of the IR photon energy.
emission or by collision. IRMPD spectroscopy thus allows
the experimental determination of fundamental frequencies the same spectral dependency, even if the;@EH=NH,*
of vibrational modes that can be compared to predictions immonium ion (rVz=44) is more produced than the others
of quantum chemistry calculations. However, as discussedaround 1100-1250 cm. Taking into account the sum of all
in previous studie§7], the multiphoton process inherent in  these fragment ions, the plot of the dissociation {te)
IRMPD can induce a slight red-shift in the position and some is displayed inFig. 1, as a function of the photon energy.
broadening of the absorption lines, together with some dis- Three intense and broad peaks are observed at 1180, 1330
crepancies in the intensities. Also, the temperature of the ionsand 1700 cm?, together with four other peaks with weaker
leads to a rotational bandwidth of about 40¢hthat is typ-  intensities at 1140, 1420, 1620 and 1770¢m
ical for such molecular species at room temperature. In AcNH-Ala, only three protonation sites are available,
Concerning the present calculations, our method was assince there is no more terminal amino group. Isomers are, re-
follows. A first systematic search of possible conformations spectively, labelled by O, if the protonation site is on the acetyl
is first conducted at the semi-empirical AM1 level, using the oxygen, by D when itis on the peptide nitrogen, and by G for
conformational search procedure of the commercial software the carboxylic oxygen of the C terminus. In this latter case,
package HyperChem 7.0 (Hypercube Inc.). We then perform protonation leads to a cyclic diol conformer, with a valence
full structure optimisations, first at the B3LYP/6-31@vel, bond formed between the acetyl oxygen and the C terminal.
and then with the larger 6-31++Gbasis set for the lowest-  The numbering following the proton site letter corresponds to
energy conformations. At this last level of theory, we can the energy order in which the conformations have been found
expect to predict rather accurate structures, energies and harin the AM1 calculations. The B3LYP/6-31++Gcalculated
monic vibrational frequencies. Since ions are supposed to beenergies of the main equilibrium conformations are given in
cooled down close to room temperature before IR irradiation, Table 1 among which some of the lowest-energy structures
we discuss their stabilities in terms of the calculated relative
free energies at room temperature, which are to be comparedrable 1
with the typical energy per modd& ~ 0.6 kcal/mol. For each Energetics of th*e protonated AcNH-Ala conformers, calculated at the
possible conformation, the experimental IRMPD spectrum is B3LYP/6-31++G" level

Fragmentation rate

0.0 . . . , ,
800 1000 1200 1400 1600 1800 2000
wavenumber (cm-1)

compared with the calculated spectrum that is obtained af- Conformer AEzpe AEz08 AGzes
ter a scaling of the harmonic frequencies and a convolution 01 0 0 0
with a 40 cnT wide Lorentzian profile, in order to take into 02 033 030 036
account the rotational bandwidth. The frequency scaling fac- 98 ;22 ;;’73 éﬁ
tor we use is 0.975, for the whole spectrum, and has been ;4 465 492 417
determined from the previously studied protonated dialanine o11 511 540 465
and corresponds to the best fit of the calculated frequenciesos 579 594 558
to the experimental data for the two lowest-energy confor- cisOS 536 561 497
mations[22]. The conformations are classified according to giozm ggg ggg i?i
the possible protonation site of the considered peptide, with ;¢ 614 639 587
a nomenclature similar to our previous wg#b]. 04 766 783 734
021 785 783 800
3.2. Protonated N-acetyl-alanine G2 1015 1002 1avs
D1 1574 1611 1451

From the parent ion atyz=132. four fragment ions are Ezpe is the ZPE-corrected electronic energy at 0K, witilgg is the elec-

_ ] tronic + thermal energy ar@,gg is the free energy at room temperature. The
observed, aiWz=114, 90, 86 and 44, which correspond to relative energy values (kcal/mol) are given with respect to the most stable

losses of HO, CQ: and CHCO. The first two fragments  conformation O1 that has the following energiEspe = —476.646100a.u.,
are the most dominant ones but all fragments possess almost,gg= —476.636339 a.u. an@ygs= —476.681270 a.u.
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cis 014

Fig. 2. Some of the most stable conformations of protonBitadetyl-alanine ions. See text for the labelling and some discussion.
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are displayed iffrig. 2, together with the corresponding sim- wavenumber (cm-1)

ulated spectra irrig. 3. Although D1 and G2 conformers |, 8001000 1200 1400 1600 1800 2000
possess high energies, thus they should not appear in the ion - ' ‘ ‘ ' '
population, we display the corresponding results in order to
show how much they differ from the low-lying O conform-
ers. Their simulated spectra indeed differ very much from
the experimental spectrum, particularly in the amide | region
corresponding to the-€0 stretch region. In G conformers,
there is no more carbonyl group and thus there is no line in 0.2
between 1650 and 1800 crh while in D conformers, the

acetyl G=0O group is free from H-bonding so that the corre-

sponding line is calculated to be close to 1900 énDther -
strong discrepancies also appear in the 1100-1208 cen 10 f
gion, corresponding to various bending modes. It seems thus
clear that the protonation site in AcNH-Ala can only be the
acetyl oxygen in O conformers.

Among the different most stable O conformers, three of
them are expected to be populated when the ions are ther- 02 B A A | | 1
mally equilibrated around 300 K. Those are O1, O2 and 06 el T T I A
conformers that lie within less than 2 kcal/mol. Since O1 and 800 1000 1200 1400 1600 1800 2000
02 possess very similar structures, energies and spectra, only 12
01 and OE6 results are displayed. The protonate#i ®ond
forms a strong H-bond with the carboxylic acid oxygen in
01, while it is directed towards the methyl group in O6 (and
014, see below). None of these two individual spectra re- A Vi ]
ally fit the experimental spectrum: in the O1 spectrum, two it ]
lines at 1330 and 1770 cmh, are missing that can be found in | R S K |
the O6 spectrum but then the line at 1620¢rtacks. These 02 s~/ I | I A T
complementary spectra suggest that the experimental spec- oo WL TR 7 ] L
trum could result from the superposition of the contribution 8OO 10001200 1400° 160018002000
of the three low-energy conformers. The experimental line 12
at 1770 cmi! then appears to correspond to the almost-free
acid G=0 stretch of O6 conformer, which is calculated at 2
1779cntl. On the other hand, the line at 1700 chprob- =
ably results from the superposition of the acid@stretch § 06 [

£

(=}

Fragmentation rate

Lo cis 014

(=}

Fragmentation rate

1.0

of O1, which is red-shifted by its H-bond interaction with
the protonated ©H bond and which calculated value is
1723 cnt!, with the almost-free acetyl-@—H* bending of 02
06, which is not H-bonded and which calculated frequency 0.0
is 1670 cntL. It must be noticed that, for both O1 and OB,
the intense double peak at 1140-1180¢rs not well re- 1.2
produced. We have checked that higher-energy conformers
give even worse spectra, as illustrated by the O14 spectrum,
which corresponds to@s conformation of the peptide bond.
There, the low-frequency region may be better fitted, but the
1300-1600 cm?! range is very far from the experimental data
and the amide | region, especially the frequency difference
between the two lines, is less well reproduced than in the O6 ]
spectrum. 00 1000 1200 1400 1600 1800 2000

If the conformer population would follow a simple Boltz- wavenumber (cm-1)
mann law at room temperature, we could expect 60% in the
O1 conformer, 32% in the O2 conformer, only 7% in the Fig. 3. Comparison between the experimental spectrum and the s_imulated
06 conformer and less than 1% for the others. However, _spef:trafortheIowestcpnformersofprotonatedAcNH—AIathataredlsplayed
the above comparison suggests that conformer O6 notice- " Fig. 2 See fext fof discussion.
ably contributes also to the experimental spectrum. It may be
that the cooling time is not long enough in these experiments

800 1000 1200 1400 1600 1800  200(

® o

(=)

I'ragmentation rate

(
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Fig. 4. Fragmentation rate of the protonated alanyl-histidine ions, as a func-

tion of the IR photon energy. 08 F

B
so that ions are still “trapped” in this configuration and that é 0.6 f
its population is larger than it would be expected from simple g
energetic considerations. In any case, the protonation site in p 04 | . i
AcNH-Alais clearly the carbonyl oxygen of the acetyl group. :s; 02 b A i ]
3.3. Protonated alanyl-histidine “'nxrulni ' 1000 JllzT:n” |!:)(l). ml:ul 1800 2000
Fromthe parention at/z=227, the major fragment due to o
IRMPD is observed atvz=209 and corresponds to a loss of » U8 N8
one water molecule. A second weaker fragmemt/at= 110 E
is also detected, with a similar spectral dependency, and is R
thus included in the total fragmentation yield. The obtained % 0.4 4
IRMPD spectrumis displayed Fig. 4. A broad intense spec- g A L !
tral line is observed at 1130 cth (FWHM =60 cnt?) to- £ 02 ]

gether with two other broad and intense bands at 1520 and 00
1595 cnr!, while two rather weak amide | lines appear at T800 1000 1200 1400 1600 1800 2000
1740 and 1775cm. Around 1300 cm?, there is also one L0
even weaker doublet, at 1295 and 1320¢npwith may be
to satellite lines on both sides, at 1260 and 1360tm

A comparison between this experimental spectrum and
simulation calculations is displayed kig. 5, for different
lowest-energy conformers that are representefign 6. In
protonated Ala-His dipeptide, there are six possible proto-
nation sites. The proton can be on the terminal amino group
(isomers A), on the oxygen of the terminal carboxylic acid
group (isomers G), on the oxygen (isomers O) or the nitrogen
(isomers D) of the amide bond, or on the nitrogen (isomers 10 - , ’ =
N) or the N-H group (isomers NH) of the side-chain imida- i
zole ring. Since the proton affinity of the amino acid histidine
is larger than that of alanin@6], it is expected that the N
conformers should be favoured over the A conformers.

From the calculated energetics Tdble 2 it is clear that
NH, G and D conformers, and to a less extend also O con-
formers, are located at high energies as compared to A and .
N conformers. We here present only the lowest energies (04, AT 1600 1200 1466 1600 3860 BhG
D1, G3 and NH1) of these four high-energy conformer types
that are very unlikely to be present in the experiment and
which simulated spectra are all far from the experimental Fig. 5. Comparison between the experimental spectrum and the simulated
one. As an example, we display the calculated spectrum andspectra for the some of the lowest conformers of protonated Ala-His. See
the geometryKigs. 5 and § only for the lowest O4 con- Fig. 6for structures and text for discussion.
figuration. As expected, the N conformers (protonation on
the imidazole nitrogen) are calculated to be more stable than

%0
T

=3
T

Fragmentation rate

Y800 1000 1200 1400 1600 1800 2000

o 0
T T

Fragmentation rate
=

wavenumber (cm” 1 )



B. Lucas et al. / International Journal of Mass Spectrometry 243 (2005) 105-113 111

Fig. 6. Structures of some of the most stable conformations of protonated alanyl-histidine, corresponding to the simulatedspe&t&eeftext for labelling.
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Table 2 experimental spectrum) and the peptideHNstretch is cal-
Energe*tics of the protonated Ala-His conformers, calculated at the B3LYP/6- culated at 1498 cmt.

31++G” level As in the previous section, if the conformer population
Conformer AEzpe A28 AGzos would follow a simple Boltzmann law at room temperature,
N5 0 0 0 we could expect 77% for the N5 conformer, almost 23% for
N7 079 083 a71 the N7 conformer and less than 0.2% for the N1 and N2 con-
E; gg; :Zg i;g formers. However, the above discussion about the simulated
N8 489 504 451 spectra suggests that conformer N1 noticeably contributes to
N4 497 509 471 the experimental spectrum. Again, this may be explain by the
A6 5.61 538 671 fact that ions are prepared at a high MALDI temperature and
N10 726 739 684 may not have enough time to really be equilibrated at room
g;ﬂ g:ig g;g 12';2 temperature, in our experimental conditions. However, high-
04 1014 1016 1020 energy conformers, i.e., lying more than 4 kcal/mol above the
D1 1841 1841 1862 absolute minimum, are probably not present in the ion popu-
G3 2351 2346 2413 lation since they do not bring any contribution to the IR spec-
NH1 5899 5924 5919 trum. In the present case of protonated Ala-His, this means
Ezpe is the ZPE-corrected electronic energy at 0K whigss is the elec- — that the experimental spectrum is well interpreted in terms

tronic + thermal energy ar@,ggis the free energy at room temperature. The
relative energy values (kcal/mol) are given with respect to the most stable
conformation N5 that has the following energiEgpe = —796.3024420 a.u.,
E29s=—796.286709 a.u. anB@9g=—796.347071 a.u.

of the contribution of four dipeptides structures in which the
protonation site is clearly on the imidazole nitrogen.

4. Conclusion

the A conformers (protonation on the terminal amino group).
The lowest-energy A-type configuration A6 already liesmore  As expected from the proton affinities of the different
than 5kcal/mol above the absolute minimum energy con- amino acid sites, and as deduced from a comparison between
former N5 and it is only the seventh lowest-energy structure. experimental and simulated IR spectra, the extra proton is
Its simulated spectrum does not fit well the experimental one: located on the peptide carbonyl oxygerNracetyl-alanine,
in particular, there is no line at 1295-1320 and 1595€m  and on the nitrogen of the imidazole side-chain in alanyl-
and there is a doublet of extra lines at 1675 and 1715'cm  histidine. However, in both cases, several equilibrium struc-
that does not clearly appear in the experiment. Among the tures, which are calculating to lie less than 4 kcal/mol above
N conformers, only the four lowest-energy structures, N5, the absolute minimum, seem to contribute to the experimen-
N7,N2, and N1, seem to contribute to the experimental spec-tal IRMPD spectrum. This is probably due to the high initial
trum. The other configurations, N8, N4 and N10, possess temperature of the MALDI process for ion production and
too high energies, more than 5 kcal/mol above N5, and theyto an incomplete thermalisation of the ions before IR ab-
display too many discrepancies in their IR spectrum, as il- sorption. The use of a softer ion production method and a
lustrated with the N8 spectrum. The two lowest conformers, more efficient cooling process, as it is achieved in radiofre-
N5 and N7, possess very similar energies and rather similarquency trap apparatus with electrospray ionisation sources,
structures, while the next two configurations, N1 and N2, lie would be desirable in order to obtain more thermally equi-
about 3 kcal/mol above but are of different structures: N2 is librated species. However, the present experiments already
similar to N5 and N7, with an H-bond between the protonated reveal some information on the geometrical structures of the
imidazole nitrogen and the carbonyl oxygen of the peptide low-lying conformers of small protonated peptides.
bond, while this H-bond is made with the carboxylic acid
oxygen in N1. As in AcNH-Ala, none of these conformers
can account alone for the experimental data but each of themReferences
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