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Abstract

Using Fourier transform ion cyclotron resonance mass-spectrometry (FT-ICR-MS) in combination with infrared multiphoton dissociation
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IRMPD) spectroscopy, at the free electron laser (FEL) facility CLIO in Orsay (France), we obtain the IR spectra, in the 900–1900 cmrange
f two model protonated dipeptides:N-acetyl-alanine (AcNH-Ala) and alanyl-histidine (Ala-His). By comparison with simulated sp
alculated at the B3LYP/6-31++G** level for many low-lying possible conformers of these two species, we are able to assign the
f the protonation site, on the acetyl oxygen for AcNH-Ala and on the side-chain imidazole nitrogen for Ala-His, and to obtain so

nformation 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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. Introduction

The combination of infrared (IR) spectroscopy and mass-
pectrometry (MS) is a powerful tool for the determination
f molecular structures in the gas phase. MS allows the selec-

ion of the molecular species of interest and the measurement
f their vibrational frequencies allows the discrimination be-

ween the different possible geometrical structures, through
he comparison with quantum chemistry calculations or pre-
ious experimental data on similar systems.

When neutral systems are investigated, the ionisation pro-
ess must as less perturbative as possible, in order to re-
trict fragmentation so that mass-spectra reflect as much
s possible the neutral distribution. For molecular systems
ossessing a natural or artificial chromophore, with a well-
esolved spectrum in the visible/UV region, ionisation can

∗ Corresponding author. Tel.: +33 149403723; fax: +33 149403200.
E-mail address:desfranc@lpl.univ-paris13.fr (C. Desfranc¸ois).

be achieved by means of a two-step resonant electronic
tation, via the well-known resonantly enhanced multipho
ionisation (REMPI) technique. If a resonant IR excita
depopulates the lowest vibrational states, turning the firs
citation photon off resonance, a dip appears in the c
signals. This IR/UV double resonance technique has
applied to several model biomolecules[1–6]. When there i
no chromophore, an alternative ionisation method is avai
if the investigated neutral systems possess dipole mom
large enough to capture very low-energy electrons. So-c
dipole-bound anions, which structures are the same as
of their neutral parents, are then created and mass-sel
Resonant IR excitation of neutrals is then monitored tho
the observation of dips in the anion signals due to vi
tionally induced electron autodetachment or predissoci
of neutral complexes[7]. In both cases, neutral resonant
excitation precedes ionisation that is also selective wit
spect to the molecular conformation, so that the obtaine
spectrum reflects only one neutral equilibrium structure
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For ionic molecular species in the gas phase, MS allows
selecting directly the species of interest but resonant IR ab-
sorption can be detected only via fragmentation, since ion
densities are too low for direct absorption measurements.
For covalently bound molecular systems, one-photon linear
absorption does not bring enough internal energy for effi-
cient dissociation, so that one has to consider either non-
covalent complexes or multiphoton techniques. In the first
case, a weakly bound neutral messenger is attached to the
ions and its evaporation is the signature of IR absorption
[8–10]. When using rare gas atoms, this messenger favours
the cooling of the molecular ions and introduces only minor
modifications in their IR spectrum. In the second case, the
ions are generally trapped for some time so that they can ab-
sorb several IR photons on the same vibrational transition,
while each IR excitation spreads over other modes, by in-
tramolecular vibrational relaxation (IVR), in between two
photon absorption. IR multiphoton dissociation (IRMPD)
then corresponds to a sequential absorption of IR photons
that increases the internal ion energy above the dissociation
limit, so that vibrational excitation is monitored through ob-
servation of mass-identified charged fragments. IRMPD ex-
periments were initially performed with monochromatic or
line-tuneable sources, e.g., CO2 lasers[11–13], and more re-
cently with high-power widely tuneable IR sources, e.g., free
electron lasers (FEL)[14–16]. Resonant excitation of vibra-
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mobile Fourier transform ion cyclotron resonance mass spec-
trometer (FT-ICR-MS) MICRA[21], as already described in
our previous report[22]. We here only recall the main aspects
of the experimental procedure and give some more specific
details. The ICR cell operates with a permanent magnet that
produces a magnetic field of 1.25 T, which limits the mass-
range to 1000 amu. The protonated peptides are produced by
matrix-assisted laser desorption ionisation (MALDI), from
0.5 mm thick pellets that are produced from a mixing of the
CHCA (�-cyano-4hydroxycinnamic acid) matrix with either
AcNH-Ala or Ala-His, in a 1:1 ratio. Amounts of 50 mg each
are required to obtain a pellet solid enough to be easily ma-
nipulated and to resist to more than 2000 desorption laser
shots that are necessary to obtain a full IRMPD spectrum.
For desorption, the pulsed output beam of a Nd:YAG laser is
frequency-tripled and irradiates the pellets without focusing.
The target is mounted 6 mm away from the entrance trapping
plate of the ICR cell and is maintained at 1.8 V, while a 3.5 V
potential is applied to the trapping plates. The ions enter the
ICR cell collinearly with the magnetic field through a 5 mm
diameter hole drilled in the entrance trapping plate that is
pulsed down to 0 V during 30–50�s after the desorption laser
shot. Cations produced in the MALDI plume possess large
amounts of internal energy and are thus allowed to relax close
to room temperature through collisions with the residual gas
(few 10−8 Torr) or by black-body radiative exchange, during
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ional frequencies is thus now possible over a wide spe
ange and this improves considerably the spectroscop
abilities of the IRMPD method.

The here presented experimental results concern
rotonated peptides[17–19]trapped in an ICR cell. Ions a

hermalised at room temperature and the rotational d
ution is such that the spectral linewidth of the vibratio
bsorption lines are comparable to those obtained for ne
pecies at room temperature[20]. This is in contrast wit
ell-resolved spectra obtained for cold neutral species i
ersonic expansions or for ions trapped at low temperat
hus, narrow-band IR sources, such as OPOs, do not n
arily present the best spectral matching and the presen
ave been obtained with the high-power broadly tune
LIO FEL facility in Orsay. This study is the continuati
f a systematic investigation of protonation sites of sm
eptides by means of IRMPD. Our first study concer
ialanine for which we spectroscopically assigned
roton site on the terminal amino group and thetransamide
onformation as the favoured structures. We here inves
rotonatedN-acetyl-alanine (AcNH-Ala), i.e., a protect
ipeptide in which there is no more terminal amino group,
rotonated alanyl-histidine (Ala-His), a dipeptide contain
basic side-chain on which the extra proton could be loc

. Experimental

The IRMPD spectra of protonated peptides have bee
ained with the CLIO FEL coupled to our home-built a
-

.4 s for AcNH-Ala and 1 s for Ala-His. Protonated cati
t the mass of interest (132 amu for AcNH-Ala and 227

or Ala-His) are selected by ejection of all other ions
re further submitted to IR irradiation during 2 s. The F
as operating at electron energies of 40–42 MeV, leadin
aximum average power of about 1 W at 9–10�m and 0.4 W
t 5–6�m. However, both experiments were performed w
ne attenuator that divides by 3 the laser fluence, in ord
void saturation. Considering the variation of the wais
function of the FEL power, the IR fluence is expecte

e about the same from 5 to 10�m [22] so that no fluenc
orrection has been applied on the dissociation spectraF
s the sum of the fragment ions produced by IRMPD anP,
he number of intact parent ions, for a given photon en
, the fragmentation yield isF/(F + P) = 1 − exp[−k(E)t],
herek(E) is the fragmentation rate andt, the irradiation time
ecause the fragmentation yield was quite high, we ra
lot the quantity−ln(1 − (F/(F + P))) that is proportiona

o the fragmentation rate.

. Results and discussion

.1. Method

IRMPD is a multi-step absorption process that is po
le due to fast IVR in between two IR photon absorpt

23,24]. A first IR photon is resonantly absorbed when
requency coincides with that of the fundamental freque
f a vibrational modei. Due to anharmonic couplings b
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tween vibrational modes, this excess energy can be quickly
redistributed among other modes, so that the ion is back into
the fundamental vibrational state of modei. Due to this fast
IVR, the excited ion can again absorb a photon resonant with
the fundamental of modei, while others modes acquire more
and more vibrational energy. After several such steps, the ion
internal energy is high enough for allowing ion dissociation.
The FEL temporal structure is well suited for such process:
the CLIO laser delivers series of 8�s 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 same
macropulse, without enough time for relaxing by radiative
emission or by collision. IRMPD spectroscopy thus allows
the experimental determination of fundamental frequencies
of vibrational modes that can be compared to predictions
of quantum chemistry calculations. However, as discussed
in previous studies[7], the multiphoton process inherent in
IRMPD can induce a slight red-shift in the position and some
broadening of the absorption lines, together with some dis-
crepancies in the intensities. Also, the temperature of the ions
leads to a rotational bandwidth of about 40 cm−1 that is typ-
ical for such molecular species at room temperature.

Concerning the present calculations, our method was as
follows. A first systematic search of possible conformations
is first conducted at the semi-empirical AM1 level, using the
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Fig. 1. Fragmentation rate of the protonatedN-acetyl-alanine ions, as a func-
tion of the IR photon energy.

the same spectral dependency, even if the CH3 CH NH2
+

immonium ion (m/z= 44) is more produced than the others
around 1100–1250 cm−1. Taking into account the sum of all
these fragment ions, the plot of the dissociation ratek(E)
is displayed inFig. 1, as a function of the photon energy.
Three intense and broad peaks are observed at 1180, 1330
and 1700 cm−1, together with four other peaks with weaker
intensities at 1140, 1420, 1620 and 1770 cm−1.

In AcNH-Ala, only three protonation sites are available,
since there is no more terminal amino group. Isomers are, re-
spectively, labelled by O, if the protonation site is on the acetyl
oxygen, by D when it is on the peptide nitrogen, and by G for
the carboxylic oxygen of the C terminus. In this latter case,
protonation leads to a cyclic diol conformer, with a valence
bond formed between the acetyl oxygen and the C terminal.
The numbering following the proton site letter corresponds to
the energy order in which the conformations have been found
in the AM1 calculations. The B3LYP/6-31++G** calculated
energies of the main equilibrium conformations are given in
Table 1, among which some of the lowest-energy structures

Table 1
Energetics of the protonated AcNH-Ala conformers, calculated at the
B3LYP/6-31++G** level

Conformer �EZPE �E298 �G298

O1 0 0 0
O
O
O
c
O
O
c
c
O
O
O
O
G
D

E -
t The
r table
c .,
E

onformational search procedure of the commercial soft
ackage HyperChem 7.0 (Hypercube Inc.). We then per

ull structure optimisations, first at the B3LYP/6-31G* level,
nd then with the larger 6-31++G** basis set for the lowes
nergy conformations. At this last level of theory, we
xpect to predict rather accurate structures, energies an
onic vibrational frequencies. Since ions are supposed

ooled down close to room temperature before IR irradia
e discuss their stabilities in terms of the calculated rela

ree energies at room temperature, which are to be com
ith the typical energy per modekT∼ 0.6 kcal/mol. For eac
ossible conformation, the experimental IRMPD spectru
ompared with the calculated spectrum that is obtaine
er a scaling of the harmonic frequencies and a convolu
ith a 40 cm−1 wide Lorentzian profile, in order to take in
ccount the rotational bandwidth. The frequency scaling

or we use is 0.975, for the whole spectrum, and has
etermined from the previously studied protonated diala
nd corresponds to the best fit of the calculated freque

o the experimental data for the two lowest-energy con
ations[22]. The conformations are classified accordin

he possible protonation site of the considered peptide,
nomenclature similar to our previous work[25].

.2. Protonated N-acetyl-alanine

From the parent ion atm/z= 132, four fragment ions a
bserved, atm/z= 114, 90, 86 and 44, which correspond

osses of H2O, CO, and CH2CO. The first two fragmen
re the most dominant ones but all fragments possess a
 t

2 0.33 0.30 0.36
6 1.55 1.78 1.23
7 3.66 3.97 3.11
isO14 4.65 4.92 4.17
11 5.11 5.40 4.65
3 5.79 5.94 5.58
isO5 5.36 5.61 4.97
isO13 6.05 6.30 5.54
12 5.60 5.95 4.74
15 6.14 6.39 5.87
4 7.66 7.83 7.34
21 7.85 7.83 8.00
2 10.15 10.02 10.78
1 15.74 16.11 14.51

ZPE is the ZPE-corrected electronic energy at 0 K, whileE298 is the elec
ronic + thermal energy andG298 is the free energy at room temperature.
elative energy values (kcal/mol) are given with respect to the most s
onformation O1 that has the following energies:EZPE=−476.646100 a.u

298=−476.636339 a.u. andG298=−476.681270 a.u.
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Fig. 2. Some of the most stable conformations of protonatedN-acetyl-alanine ions. See text for the labelling and some discussion.
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are displayed inFig. 2, together with the corresponding sim-
ulated spectra inFig. 3. Although D1 and G2 conformers
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 I region
corresponding to the CO stretch region. In G conformers,
there is no more carbonyl group and thus there is no line in
between 1650 and 1800 cm−1, while in D conformers, the
acetyl C O group is free from H-bonding so that the corre-
sponding line is calculated to be close to 1900 cm−1. Other
strong discrepancies also appear in the 1100–1200 cm−1 re-
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-
mally equilibrated around 300 K. Those are O1, O2 and O6
conformers that lie within less than 2 kcal/mol. Since O1 and
O2 possess very similar structures, energies and spectra, only
O1 and O6 results are displayed. The protonated OH bond
forms a strong H-bond with the carboxylic acid oxygen in
O1, while it is directed towards the methyl group in O6 (and
O14, see below). None of these two individual spectra re-
ally fit the experimental spectrum: in the O1 spectrum, two
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Fig. 3. Comparison between the experimental spectrum and the simulated
spectra for the lowest conformers of protonated AcNH-Ala that are displayed
in Fig. 2. See text for discussion.
ines at 1330 and 1770 cm−1, are missing that can be found
he O6 spectrum but then the line at 1620 cm−1 lacks. Thes
omplementary spectra suggest that the experimental
rum could result from the superposition of the contribu
f the three low-energy conformers. The experimental
t 1770 cm−1 then appears to correspond to the almost-
cid C O stretch of O6 conformer, which is calculated
779 cm−1. On the other hand, the line at 1700 cm−1 prob-
bly results from the superposition of the acid CO stretch
f O1, which is red-shifted by its H-bond interaction w

he protonated OH bond and which calculated value
723 cm−1, with the almost-free acetyl CO H+ bending o
6, which is not H-bonded and which calculated freque

s 1670 cm−1. It must be noticed that, for both O1 and O
he intense double peak at 1140–1180 cm−1 is not well re-
roduced. We have checked that higher-energy confor
ive even worse spectra, as illustrated by the O14 spec
hich corresponds to acisconformation of the peptide bon
here, the low-frequency region may be better fitted, bu
300–1600 cm−1 range is very far from the experimental d
nd the amide I region, especially the frequency differe
etween the two lines, is less well reproduced than in th
pectrum.

If the conformer population would follow a simple Bol
ann law at room temperature, we could expect 60% in
1 conformer, 32% in the O2 conformer, only 7% in
6 conformer and less than 1% for the others. Howe

he above comparison suggests that conformer O6 no
bly contributes also to the experimental spectrum. It ma

hat the cooling time is not long enough in these experim
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Fig. 4. Fragmentation rate of the protonated alanyl-histidine ions, as a func-
tion of the IR photon energy.

so that ions are still “trapped” in this configuration and that
its population is larger than it would be expected from simple
energetic considerations. In any case, the protonation site in
AcNH-Ala is clearly the carbonyl oxygen of the acetyl group.

3.3. Protonated alanyl-histidine

From the parent ion atm/z= 227, the major fragment due to
IRMPD is observed atm/z= 209 and corresponds to a loss of
one water molecule. A second weaker fragment atm/z= 110
is also detected, with a similar spectral dependency, and is
thus included in the total fragmentation yield. The obtained
IRMPD spectrum is displayed inFig. 4. A broad intense spec-
tral line is observed at 1130 cm−1 (FWHM = 60 cm−1) to-
gether with two other broad and intense bands at 1520 and
1595 cm−1, while two rather weak amide I lines appear at
1740 and 1775 cm−1. Around 1300 cm−1, there is also one
even weaker doublet, at 1295 and 1320 cm−1, with may be
to satellite lines on both sides, at 1260 and 1360 cm−1.

A comparison between this experimental spectrum and
simulation calculations is displayed inFig. 5, for different
lowest-energy conformers that are represented inFig. 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
g gen
( ers
N a-
z ine
i N
c

t
N con-
f and
N (O4,
D pes
t and
w ntal
o and
t -
fi on
t than

Fig. 5. Comparison between the experimental spectrum and the simulated
spectra for the some of the lowest conformers of protonated Ala-His. See
Fig. 6for structures and text for discussion.
roup (isomers G), on the oxygen (isomers O) or the nitro
isomers D) of the amide bond, or on the nitrogen (isom
) or the N H group (isomers NH) of the side-chain imid
ole ring. Since the proton affinity of the amino acid histid
s larger than that of alanine[26], it is expected that the
onformers should be favoured over the A conformers.

From the calculated energetics ofTable 2, it is clear tha
H, G and D conformers, and to a less extend also O

ormers, are located at high energies as compared to A
conformers. We here present only the lowest energies
1, G3 and NH1) of these four high-energy conformer ty

hat are very unlikely to be present in the experiment
hich simulated spectra are all far from the experime
ne. As an example, we display the calculated spectrum

he geometry (Figs. 5 and 6) only for the lowest O4 con
guration. As expected, the N conformers (protonation
he imidazole nitrogen) are calculated to be more stable
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Fig. 6. Structures of some of the most stable conformations of protonated alanyl-histidine, corresponding to the simulated spectra ofFig. 5. See text for labelling.
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Table 2
Energetics of the protonated Ala-His conformers, calculated at the B3LYP/6-
31++G** level

Conformer �EZPE �E298 �G298

N5 0 0 0
N7 0.79 0.83 0.71
N1 3.31 3.30 3.79
N2 3.57 3.65 3.59
N8 4.89 5.04 4.51
N4 4.97 5.09 4.71
A6 5.61 5.38 6.71
N10 7.26 7.39 6.84
A7 8.30 8.13 9.10
cisA1 9.45 9.26 10.53
O4 10.14 10.16 10.20
D1 18.41 18.41 18.62
G3 23.51 23.46 24.13
NH1 58.99 59.24 59.19

EZPE is the ZPE-corrected electronic energy at 0 K while,E298 is the elec-
tronic + thermal energy andG298 is 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 energies:EZPE=−796.3024420 a.u.,
E298=−796.286709 a.u. andG298=−796.347071 a.u.

the A conformers (protonation on the terminal amino group).
The lowest-energy A-type configuration A6 already lies more
than 5 kcal/mol above the absolute minimum energy con-
former N5 and it is only the seventh lowest-energy structure.
Its simulated spectrum does not fit well the experimental one:
in particular, there is no line at 1295–1320 and 1595 cm−1,
and there is a doublet of extra lines at 1675 and 1715 cm−1

that does not clearly appear in the experiment. Among the
N conformers, only the four lowest-energy structures, N5,
N7, N2, and N1, seem to contribute to the experimental spec-
trum. The other configurations, N8, N4 and N10, possess
too high energies, more than 5 kcal/mol above N5, and they
display too many discrepancies in their IR spectrum, as il-
lustrated with the N8 spectrum. The two lowest conformers,
N5 and N7, possess very similar energies and rather similar
structures, while the next two configurations, N1 and N2, lie
about 3 kcal/mol above but are of different structures: N2 is
similar to N5 and N7, with an H-bond between the protonated
imidazole nitrogen and the carbonyl oxygen of the peptide
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 them
brings some features that do not appear in the others. For in-
stance, many of the main experimental lines are present in the
simulated N5 spectrum: the free acid CO stretch calculated
at 1786 cm−1, the peptide CO stretch strongly shifted down
t free
p r
h ds
p is
r
o
N e
w e

experimental spectrum) and the peptide NH stretch is cal-
culated at 1498 cm−1.

As in the previous section, if the conformer population
would follow a simple Boltzmann law at room temperature,
we could expect 77% for the N5 conformer, almost 23% for
the N7 conformer and less than 0.2% for the N1 and N2 con-
formers. However, the above discussion about the simulated
spectra suggests that conformer N1 noticeably contributes to
the experimental spectrum. Again, this may be explain by the
fact that ions are prepared at a high MALDI temperature and
may not have enough time to really be equilibrated at room
temperature, in our experimental conditions. However, high-
energy conformers, i.e., lying more than 4 kcal/mol above the
absolute minimum, are probably not present in the ion popu-
lation since they do not bring any contribution to the IR spec-
trum. In the present case of protonated Ala-His, this means
that the experimental spectrum is well interpreted in terms
of the contribution of four dipeptides structures in which the
protonation site is clearly on the imidazole nitrogen.

4. Conclusion

As expected from the proton affinities of the different
amino acid sites, and as deduced from a comparison between
experimental and simulated IR spectra, the extra proton is
l ,
a nyl-
h truc-
t ove
t en-
t itial
t and
t ab-
s nd a
m fre-
q rces,
w qui-
l ready
r f the
l

R

01) 1.
.
hem.

oli,

650.
er, I.

hys.

ys.
o 1615 cm−1 due to the protonated H-bond, and the
eptide N H stretch calculated at 1522 cm−1. On the othe
and, the peak at 1740 cm−1 is lacking because it correspon
robably to the acid CO stretch of conformer N1, which
ed-shifted due to the H-bond with the protonated NH group
f imidazole and which is calculated at 1733 cm−1. For this
1 conformer, the peptide CO stretch is calculated to b
eaker and located at 1693 cm−1 (very small feature in th
ocated on the peptide carbonyl oxygen inN-acetyl-alanine
nd on the nitrogen of the imidazole side-chain in ala
istidine. However, in both cases, several equilibrium s

ures, which are calculating to lie less than 4 kcal/mol ab
he absolute minimum, seem to contribute to the experim
al IRMPD spectrum. This is probably due to the high in
emperature of the MALDI process for ion production
o an incomplete thermalisation of the ions before IR
orption. The use of a softer ion production method a
ore efficient cooling process, as it is achieved in radio
uency trap apparatus with electrospray ionisation sou
ould be desirable in order to obtain more thermally e

ibrated species. However, the present experiments al
eveal some information on the geometrical structures o
ow-lying conformers of small protonated peptides.
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[22] B. Lucas, G. Gŕegoire, J. Lemaire, P. Maı̂tre, J.M. Ortega, A. Ru-
penyan, B. Reimann, J.P. Schermann, C. Desfranc¸ois, Phys. Chem.
Chem. Phys. 6 (2004) 2659.

[23] P.A. Schulz, A.S. Subdo, D.J. Krajnovitch, H.S. Kowk, Y.R. Shen,
Y.T. Lee, Ann. Rev. Phys. Chem. 30 (1979) 379.

[24] K. Hakanson, H.J. Cooper, M.R. Hemmet, C.E. Costello, A.G. Mar-
shall, C.L. Nilsson, Anal. Chem. 73 (2001) 4530.

[25] B. Paizs, I.P. Csonka, G. Lendvay, S. Suhai, Rapid Commun. Mass
Spectrom. 15 (2001) 637.

[26] Z.B. Maksic, B. Kovacevic, Chem. Phys. Lett. 307 (1999)
497.


	Infrared multiphoton dissociation spectroscopy of protonated N-acetyl-alanine and alanyl-histidine
	Introduction
	Experimental
	Results and discussion
	Method
	Protonated N-acetyl-alanine
	Protonated alanyl-histidine

	Conclusion
	References


