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a  b  s  t  r  a  c  t

Protonated  3-nitrotyrosine  ([nitroTyr  +  H]+)  has been  investigated  by  collision  induced  dissociation  at
variable  energy  and  by IR  multiple  photon  dissociation  (IRMPD)  spectroscopy  in conjunction  with
quantum  chemical  calculations.  Ultimately,  this  investigation  is  aimed  at providing  a diagnostic  sig-
nature  of  protein  tyrosine  nitration,  a post  translational  modification  implied  in  pathological  states.
IRMPD  spectroscopy  of [nitroTyr  +  H]+ ions  has  been  examined  in two  different  spectral  regions,  namely
in  the  1000–2000  cm−1 range,  using  the  free electron  laser  beamline  at the  CLIO  facility,  and  in  the
3200–3700  cm−1 range,  using  a  tabletop  laser  source.  [nitroTyr  +  H]+ ions  have  been  assayed  in paral-
lel  with  intact  [Tyr  +  H]+ ions  revealing  characteristic  bands  at  1329  and  1540  cm−1.  Mode  assignments
allowed  by  density  functional  theory  calculations  of  the  IR  spectra  of  the  most  stable  conformers  indicate
that these  features  are  associated  to  vibrations  of  the  nitro  group  and  are  endowed  with  enhanced  activ-
eywords:
mino acid
rotein modification
ibrational spectroscopy
lectrospray ionization mass spectrometry

ity. In the  NH/OH  stretching  region,  the  remarkable  difference  between  the  IRMPD  spectra  is  the  strong
absorption  at  3641  cm−1 of  the  ring  OH  stretching  of  [Tyr  +  H]+ which  is absent  in  the nitrated  ion  due
to  a strong  hydrogen  bond  engaging  the  ring  OH and  the  ortho  nitro  group.  These  results  suggest  that
IRMPD  spectroscopy  and  tandem  mass  spectrometry  may  afford  a selective  method  for  the  analysis  and
characterization  of 3-nitrotyrosine,  to  be possibly  extended  to 3-nitrotyrosine-containing  peptides.
b initio calculations

. Introduction

The nitration of protein tyrosine residues is considered as one
f the molecular footprints revealing the action of reactive oxy-
en and nitrogen radical species, that are often implicated in the
athogenesis of a number of diseases [1–4]. Tyrosine is modified in
he 3-position of the phenolic ring, leading to a 3-nitro-derivative
hich may  impair the protein structure and function. Different free

adical pathways may  account for biological protein tyrosine nitra-
ion and are indicated to involve excess NO, oxidants and metal
enters.

Also in consideration of the biomarker function of protein tyro-
ine nitration, a variety of analytical methods have been devised
o allow the detection and quantification of 3-nitrotyrosyne [5–7].
pproaches based on mass spectrometry have provided structural

nformation and permitted the quantification of trace quantities.

ne may  cite the identification of a protein nitration site that has
een obtained using electrospray ionization (ESI) coupled to FT-ICR
ass spectrometry to analyze the protein digestion mixture [8,9].
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In some instances, though, mass spectrometric methods face diffi-
culties related to artifactual formation of nitrated tyrosine during
sample treatment and photodecomposition processes affecting the
nitro group in MALDI analysis [7,10,11]. For example MALDI laser
light at 337 nm,  widely used for the analysis of peptides and pro-
teins, activates decomposition processes explained by the vicinity
(at ca. 230 nm)  of the absorbance maximum of nitrotyrosine under
acidic conditions [12]. These photofragmentation reactions are thus
a characteristic of nitrated peptides, however their occurrence is a
drawback if one strives to obtain clear evidence for a molecular ion
of the nitrated peptide in a complex peptide pattern [13–16].

In another perspective, the activation of a photofragmentation
process can be exploited to perform an IR spectroscopic assay in
order to gain diagnostic information about 3-nitrotyrosine that may
potentially reveal the presence of this biomarker. This is a challeng-
ing task, though, given the very low abundance of protein tyrosine
nitration in vivo [1].

The present work is aimed at obtaining a comprehensive pat-
tern of the IR absorption features of 3-nitrotyrosine, ionized in
an electrospray ion source by the addition of a proton. The so-
obtained protonated species ([nitroTyr + H]+) has been examined

in an isolated state, submitting it to IR multiple photon dis-
sociation (IRMPD) spectroscopy. The purpose was  to ascertain
individual features characterizing protonated 3-nitrotyrosine, that
may  aid the mass spectrometric detection of this post translational

dx.doi.org/10.1016/j.ijms.2011.07.012
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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odification. IRMPD spectroscopy of gaseous ions is a rapidly
rowing field that has been producing an impressive amount of
aluable information on the building elements of peptides and pro-
eins in recent years, as described in a recent review article by
ohn Eyler who has himself given paramount spur and contribu-
ion to the field [17–21].  The natural amino acids are benchmark
pecies investigated by IRMPD spectroscopy under various ionic
orms derived from the attachment of a proton or a metal ion.
mong the structural questions that were addressed, the amino
cid–alkali metal cation complexes have been identified as either
alt bridge (zwitterion) or charge solvated isomers, in each case
resenting the features corresponding to the lowest energy species
22–31].

In the present work, the [nitroTyr + H]+ ion has been assayed
y IRMPD spectroscopy in two spectral regions taking advan-
age of two different instrumental platforms. The IR ‘fingerprint’
egion in the 1000–2000 cm−1 range was accessed using a 7T
T-ICR (Fourier Transform Ion Cyclotron Resonance) mass spec-
rometer coupled with the IR beamline of the free electron laser
FEL) at the CLIO (Centre Laser InfraRouge d’Orsay) facility. Systems
ombining IR-FEL radiation with FT-ICR mass spectrometry have
roven highly fruitful in yielding IR spectroscopic characterization
f a variety of gaseous ions [32–34].  The 3200–3700 cm−1 region
as explored using an apparatus assembled at the Università di
oma “La Sapienza” where a commercial Paul-type ion trap was
odified to admit the IR radiation of an optical parametric oscilla-

or/amplifier (OPO/OPA) laser source [35], as already described in
 similar setup [36].

It should be finally mentioned that the consequences of a post
ranslational modification in amino acids and peptides have already
een investigated by IRMPD spectroscopy in the case of the phos-
horylation of an OH functionality in the side chain of serine,
hreonine and tyrosine and two representative peptides [36–38].
he P O stretching band, active in the 1200–1300 cm−1 region,
as found to be very sensitive to the surrounding environment.

alling in a region of relatively low IR activity for peptides, it fulfills
he prerequisites to provide an analytical tool for phosphorylated
ites. The oxidation of methionine has also been recently revealed
y IRMPD spectroscopy by the associated S O bond signature [39].
long a similar line of investigation, a special focus will be placed
n the characteristic modes possibly revealing the presence of the
itro group in 3-nitrotyrosine. For comparison purposes, proto-
ated tyrosine has been examined as well.

. Experimental details

All reagents were commercial products (Sigma–Aldrich s.r.l.
ilan, Italy) and were used as received. Protonated tyrosine and

itrotyrosine ions ([Tyr + H]+, m/z 182, and [nitroTyr + H]+, m/z 227),
re formed by electrospray ionization (ESI) by directly infusing a

 �M methanol/water (50/50 with 1% acetic acid) solution of the
mino acid through a fused-silica capillary to the ESI source by a
yringe pump at a typical flow rate of 2 �L min−1.

Mass spectrometric experiments of energy-variable collision-
lly activated dissociation were carried out using a 2000 Q
RAP instrument (Applied Biosystems), a commercial hybrid triple
uadrupole linear ion trap mass spectrometer (Q1q2QLIT). The ion
f interest was mass-selected using Q1. Collision induced dis-
ociation (CID) experiments were performed in the quadrupole
ollision cell q2 at variable collision energies (Elab = 5–50 eV). The
ominal pressure of the N2 collision gas was typically set at

.4–4.0 × 10−5 mbar. The ionic products were monitored by scan-
ing QLIT.

The IRMPD spectra of the mass-selected ions were recorded
mploying two different experimental setups. The mid-infrared
ss Spectrometry 308 (2011) 209– 216

region (1000–2200 cm−1) was explored using the tunable IR radia-
tion of the FEL beamline at CLIO coupled to a modified commercial
7 T Fourier transform ion cyclotron resonance (FT-ICR) mass spec-
trometer (Bruker, Apex Qe) [32]. The ions of interest, generated
by an Apollo II ESI source as described above, were mass-selected
in the quadrupole mass filter, and collisionally cooled with argon
(removing any excess kinetic energy) in a hexapole cell. The ions
were then pulsed into the FT-ICR cell where they were trapped at
a background pressure of about 1.5 × 10−9 mbar and exposed to IR
light for a fixed time. At each wavelength, the mass-spectrum is the
Fourier transform of the average of five time-domain transients.
The 25 Hz FEL radiation delivers typical macropulse energies of
40 mJ. Ions were irradiated with 4–10 macropulses. For the present
study, the FEL was operated at 45 MeV  in order to optimize the laser
power in the frequency region of interest. The laser wavelength
profile was  monitored at each reading with a monochromator
associated with a pyroelectric detector array (spiricon). The laser
power displayed a smooth variation around a fairly constant value
throughout the wavelength range explored, going from 720 mW at
1000 cm−1 to 900 mW in the range between 1100 and 1700 cm−1

and down to 745 at 1830 cm−1.
The 3200–3700 cm−1 spectral range was  investigated using

an apparatus whereby the radiation output of a tabletop IR
optical parametric oscillator/amplifier (OPO/OPA; Laser Vision) is
admitted into a modified Bruker Esquire 6000+ ion-trap mass spec-
trometer. The parametric converter is pumped by an Nd:YAG laser
(Continuum Surlite II) operating at 10 Hz repetition rate and deliv-
ering 600 mJ/pulse (4–6 ns long). In the investigated spectral range,
the typical output pulse energy from the OPO/OPA laser source
was 28 mJ/pulse, with a spectral bandwidth of about 3–4 cm−1.
In the ion trap [nitroTyr + H]+ ions were mass-selected and accu-
mulated for 20 ms  prior to IR irradiation. IRMPD spectroscopy of
the mass-selected and accumulated ions was  performed using the
MS2  step, keeping the excitation amplitude zero to avoid any col-
lision induced fragmentation. Post irradiation mass spectra were
recorded after 6 accumulations. The irradiation time is controlled
using an electromechanical shutter synchronized with the mass
spectrometer. The typical irradiation time used in the experiment
is 1 s.

Monitoring the abundances of the fragment ions relative to the
parent ion abundance reveals the occurrence of the photofrag-
mentation process at the IR active wavelengths. The IRMPD
spectrum is plotted by recording the photofragmentation yield R
(R = −ln[Iparent/(Iparent + �Ifragments)] where Iparent and Ifragments are
the integrated intensities of the mass peaks of the precursor and of
the fragment ions, respectively) as a function of the photon energy
[40,41]. Care was taken to keep the photofragmentation yield low
(�Ifragments ≤ 0.5 Iparent) in order to minimize saturation effects and
prevent secondary photofragmentation events.

A computational survey was made selecting the most stable
conformers for protonated nitrotyrosine and performing harmonic
frequency analysis on the optimized geometries. All calculations
were performed using the Gaussian 03 or Spartan 08 software
packages. A conformational search was  run first, using the MMFF
molecular mechanics model. Out of 10,000 conformers examined,
the lowest energy 30 structures were kept and used as starting
geometries for hybrid DFT calculations at progressively increasing
levels of theory. While there is no guarantee that the global min-
imum will actually be identified, we note that a good agreement
is found with the stable conformers of the protonated tyrosine
derivatives previously reported [42–45]. Ultimately, geometries
and harmonic vibrational frequencies were obtained at B3LYP/6-
311++G** level. Enthalpies at 298 K were calculated using ZPE and

thermal corrections obtained from unscaled harmonic frequen-
cies. In order to obtain IR spectra for the species of interest to
be compared with the experimental IRMPD spectra, the calculated
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Fig. 1. Relative abundances of the parent ion (m/z 227) and daughter ions (m/z
210 and 181) as a function of collision energy (center of mass) upon CID of mass-
selected [nitroTyr + H]+ ions. The lines represent fits of the ion abundances using a
sigmoid function. It should be noted that at higher collision energy other fragment
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ons appear, resulting from further fragmentation of ions at m/z 210 (yielding ions
t  m/z 168) and of ions at m/z 181 (yielding m/z 136, 117, and 90). Their abundances
re summed to the ones of their precursors to give the profiles in the graph.

armonic vibrational frequencies were scaled by a factor of 0.975
n the 1000–2000 cm−1 region and 0.955 in the 3200–3700 cm−1

requency range. In the figures comparing the experimental IRMPD
pectra with the computed ones, the calculated absorption lines are
onvoluted with a Lorentzian profile of 20 cm−1 fwhm (full width
t half maximum) in the 1000–2000 cm−1 region while a fwhm of
0 cm−1 was used for the 3200–3700 cm−1 frequency range. MP2
alculations have been tested as well. They did not yield better
greement between calculated IR and experimental IRMPD spectra
hough.

. Results and discussion

.1. Photodissociation and CID mass spectra

When [nitroTyr + H]+ ions at m/z  227 are mass-selected and irra-
iated at a photon energy in resonance with an IR active mode,
ragment ions are observed at m/z  210 (corresponding to loss of
H3) and at m/z 181 (corresponding to formal losses of H2O and
O). The competitive losses of NH3 and of H2O + CO are typical of
rotonated aromatic amino acids under CID conditions, at variance
ith the preferential formation of benzyl-type cations via electron-

nduced dissociation processes [46–48].  The loss of H2O + CO is also
bserved as a major channel in laser-induced dissociation of pro-
onated tyrosine, as already reported [49,50]. Interestingly, these
wo fragmentation channels do not affect the nitro group, so that
he amino acid modification is still retained in the fragment ion.
ig. 1S (Supplementary data) shows the photodissociation mass
pectrum recorded upon irradiation at 1171 cm−1, reflecting the
ild activation of ions to the lowest energy fragmentation paths.

his notion is supported by the breakdown curves reported in Fig. 1.
he plots in this figure illustrate the relative abundances of parent
nd fragment ions when the parent ion at m/z 227 is selected in
he first quadrupole of the Q TRAP instrument and is submitted
o collision with N2 target gas in the second quadrupole collision

ell. The collision energy is reported in the center of mass frame.
t onset dissociation energy the CID fragments are at m/z 210 and
81 in a relative ratio reflecting their yield in the IRMPD exper-

ment. Fig. 2S shows that the ratio of their relative abundances
Fig. 2. Most stable conformers of protonated 3-nitrotyrosine [nitroTyr + H]+, and
relative energies at 298 K (kJ mol−1) calculated at B3LYP/6-311++G** level of theory.

is constant throughout several IR active modes sampled in the
1000–2000 cm−1 region, which suggests that the ion assayed by
IRMPD is either a unique species or a mixture of closely related
structures.

3.2. Computed structures

The protonation of the common amino acids has been the
subject of recent computational studies [42–45,51] and the pro-
tonation chemistry in the gas phase has been reviewed [52]. In
tyrosine the relatively large loss of entropy upon protonation has
been ascribed to the increased strength of the interaction between
the amino hydrogens and the phenyl group in the protonated
species and to the larger entropy of mixing associated with the
population of the neutral conformers relative to the one of the
protonated species [43]. Also the protonated nitrotyrosine ion
[nitroTyr + H]+, bears the additional proton on the amino group. The
most stable conformers have been identified along the procedure
outlined in Section 2. The four most stable geometries obtained by
calculations at B3LYP/6-311++G** level are depicted in Fig. 2 and the
relevant thermodynamic data, including the relative enthalpies of
the protonated species at 298 K, are summarized in Table 1S. The
rotation of 180◦ around the C(phenyl)-C bond does not affect the
conformer relative energy to any appreciable extent (e.g., the ener-
gies of 1a and 1b differ by 2.2 kJ mol−1 and the energies of 1c and 1d
differ by only 1.7 kJ mol−1) and also the calculated IR spectra (vide
infra) of the two pairs of species are quite similar. In other words,
the orientation of the OH and the position of the NO2 ring sub-
stituents relative to the side chain does not appear too influential.

In these four most stable structures a cation-� interaction can be
envisioned between the periphery of the aryl ring and a proton on
the protonated amino group, as observed previously [53,54].  This
interaction stabilizes the conformations of protonated tyrosine that
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ig. 3. Most stable conformers of protonated tyrosine [Tyr + H]+, and relative ener-
ies at 298 K (kJ mol−1) calculated at B3LYP/6-311++G** level of theory.

resent this unconventional H-bond between the � system and the
mmonium group by more than 15 kJ mol−1 [49]. Other character-
stic features are the hydrogen bond between the ring-OH and the
itro group, a hydrogen bond between the amino group and the
arbonyl oxygen and the syn geometry at the C(O)OH group. Other
onformers are higher in energy. The next one in the energy ladder
t 14.9 kJ mol−1 is depicted in Fig. 3S(1e).  It is similar to 1c,  differing
or the rotation of the carboxyl group which is oriented so to allow
ydrogen bonding between a proton on the ammonio group and
he hydroxylic oxygen atom. The rotational barriers associated to
he interconversion between conformers (1a-1d) are on the order of
5 kJ mol−1 (see Figs. 4S and 5S in the Supplementary data), which
hould ensure fast equilibration at room temperature.

Other conceivable isomers of protonated nitrotyrosine have
een explored as well. When the proton is placed on the carbonyl
xygen and a hydrogen bond is allowed with the N atom of the
mino group, the geometry optimization moves the proton toward
itrogen to form an ammonium group. With a different orienta-
ion of the [–C(OH)2]+ group, a stable structure (1x,  depicted in
ig. 3S)  is found, lying at 105 kJ mol−1 relative to 1a.  Although the
resence of the nitro group will render the aryl ring less basic than

n native tyrosine, two conceivable ring-protonated isomers have
een submitted to geometry optimization yielding 1y and 1z (at 52
nd 143 kJ mol−1 relative energy). The relative stability of 1y owes
ts origin from the covalent character of the bond between N and
he C atom in para position with respect to the protonated one. The
o-formed structure appears as a cyclohexadiene unit with a pos-
tively charged ammonium nitrogen. However, the high energy of
hese isomers does not support any relevant role in the sampled
on population.

A similar computational analysis has been performed on proto-

ated tyrosine, yielding the four most stable conformers illustrated

n Fig. 3. The geometry of these species (2a–d) is strictly compara-
le to the one of the corresponding protonated nitrotyrosine ions
1b, 1a,  1d,  1c,  respectively) if allowance is made for the additional
Fig. 4. IRMPD spectrum of [Tyr + H] (a) and of [nitroTyr + H] (b). The grey
bars underline the position of characteristic bands in the IRMPD spectrum of
[nitroTyr + H]+.

presence of the nitro group in 1a–d. As already noted [49], the pro-
tons on the – NH3

+ group are engaged in bonding both with the �
system and with the carbonyl oxygen. The four conformers lie all
within 3.2 kJ mol−1 while the next more stable ones are separated
by more than 15 kJ mol−1 with respect to 2a.

Hydrogen bonds are marked by dashed lines in Figs. 2 and 3 and
distances are given in Å.

3.3. IRMPD spectroscopy of protonated 3-nitrotyrosine (and of
protonated tyrosine)

3.3.1. IRMPD spectra in the 1000–2000 cm−1 range
The IRMPD spectrum of [nitroTyr + H]+ ions in the

1000–2000 cm−1 range is plotted in the upper panel of Fig. 4
together with the recorded spectrum of protonated tyrosine
([Tyr + H]+, in the lower panel) to our knowledge not yet reported
elsewhere. The general appearance of the IRMPD spectrum of
[nitroTyr + H]+ shows only modest congestion and broadening
of the bands (for example the band at 1329 cm−1 is character-
ized by a full width at half maximum, fwhm, of ca. 22 cm−1)
which suggests either the presence of a single conformer or a
mixture of conformers with very similar IR spectra. Indeed, the
relative enthalpies of the most stable conformers indicate that
these species should be present in comparable abundances in
a Maxwell–Boltzmann averaged population. At the same time

the similar structural features and bonding interactions are not
likely to account for any meaningful differentiation by IRMPD
spectroscopy. The spectrum of [Tyr + H]+ (Fig. 4a) is dominated by a
strong feature at 1153 cm−1 and other bands appear at 1270, 1420,
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Table 1
IRMPD spectral frequencies of protonated tyrosine [Tyr+H]+, and calculated (B3LYP/6-311++G**) vibrational frequencies of conformer 2a.

Experimental Calculated IRa,b Vibrational mode
IRMPDa

1086 (75) C–H and N–H bend
1153 1158 (329) C–O stretch and COH bend of C(O)OH

1162 (114) C–H and COH bend of aryl group, ring def
1270  1276 (156) C–OH ring stretch, ring def

1392 (105) CCO stretch of side chain and CH bend of side chain methine
1420  1438 (188) NH3 umbrella
1503 1506 (102) C C stretch, aromatic CH bend

1608 (91) C C stretch
1757 1762 (293) C O stretch

3120 (127) symm NH2 stretch (H’s bound to CO and to aromatic system)
3178 (346) asymm NH2 stretch (H’s bound to CO and to aromatic system)

3334  3325 (109) NH stretch (free)
3551 3552 (197) OH stretch of C(O)OH
3641 3648 (128) OH stretch (ring)

) are l

1
b
s
v
T
w
u
t
s
F
a

F
2

a In cm−1.
b Only major bands (intensity greater than 50 km mol−1, reported in parentheses

503, and 1757 cm−1. Relying on the typically good agreement
etween the IRMPD spectrum and the linear IR spectrum of the
ampled species obtained by hybrid DFT calculations [20], the
ibrational modes of [Tyr + H]+ can be assigned as described in
able 1. The experimental IRMPD features are listed together
ith the IR bands calculated for the most stable conformer 2a,
sed as a basis to interpret the experimental IRMPD bands and
he underlying vibrational modes. The matching of the IRMPD

pectrum with the IR spectrum of conformer 2a is illustrated in
ig. 5. It is conceivable that the sampled [Tyr + H]+ ions comprise

 thermally averaged population of the stable conformers 2a–d,

ig. 5. IRMPD spectrum of [Tyr + H]+ (a) and calculated IR spectrum of conformer
a of [Tyr + H]+ (b) in the spectral range of 1000–2000 cm−1.
isted.

all lying within 3.2 kJ mol−1. However, the individual IR spectra
of conformers 2b–d do not present significant differences with
respect to conformer 2a in the 1000–2000 cm−1 region, as shown
in Fig. 6S (Supplementary Data), and will not be further considered.

The IRMPD spectrum of [nitroTyr + H]+ (Fig. 4b) compared to
the one of [Tyr + H]+ (Fig. 4a) presents quite similar features with a
pronounced band at 1171 cm−1 and weaker ones at 1273, 1421,
1614, and 1757 cm−1. However, a second strong band appears
at 1329 cm−1: This band is missing in the IRMPD spectrum of
[Tyr + H]+. Similarly, the distinct feature at 1540 does not appear
to have a corresponding one in the case of [Tyr + H]+. The IRMPD
spectrum of [nitroTyr + H]+ may  again be interpreted considering
the calculated IR spectrum of the most stable conformer 1a,  as
illustrated in Fig. 6 and by the data listed in Table 2. The calcu-
lated IR spectra of conformers 1b–d do not differ to a significant
extent from the IR spectrum of 1a (see Fig. 7S in the Supplemen-
tary Data), therefore only the spectrum of conformer 1a will be
used as the basis for assigning the vibrational modes. One may note
that the characteristic, strong feature at 1329 cm−1 is to be likely
associated with the computed mode at 1347 cm−1. This mode com-
bines CH bending and in plane bending of the ring OH  group with
symmetric NO2 stretching. We  tentatively ascribe the enhanced
activity of this vibration to the contribution of the polar NO2 group
imparting a notable oscillator strength. The NO2 group is also
involved in another band appearing with enhanced intensity in the
IRMPD spectrum of [nitroTyr + H]+, the one at 1540 cm−1. This mode
is associated with aromatic C C stretching and asymmetric NO2
stretching, once again involving the polar nitro group. It may  then
be concluded that two distinct IRMPD features showing exceptional
activity are due to the presence of the nitro substituent and may  be
considered diagnostic of the modified aryl group of tyrosine.

One critical point that may  be noticed in both Figs. 5 and 6,
comparing the experimental IRMPD spectra with the calculated IR
spectra, is that some weak bands have escaped observation despite
the excellent S/N ratio. This is not an unusual finding, though
[20,55–57]. Possible reasons have been ascribed to predicted inten-
sities that are too high, to rates of photon absorption that are not
adequate to promote the IRMPD process, to intramolecular vibra-
tional relaxation processes that are not efficient.

3.3.2. IRMPD spectra in the 3200–3700 cm−1 range
The assay of [nitroTyr + H]+ ions has been conducted also in the
region from 3200 to 3700 cm−1. The upper panel of Fig. 7 shows
the IRMPD spectrum of [nitroTyr + H]+ to be compared with the
corresponding spectrum of [Tyr + H]+ plotted in the lower panel.
The IR spectra of conformers 1a–d in the 3000–3700 cm−1 range
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re reported in Fig. 8S in the Supplementary Data together with
he experimental spectrum, while band positions and mode assign-

ents are summarized in Table 2. The sharp feature at 3550 cm−1

fwhm = 6 cm−1) in the spectrum of [nitroTyr + H]+ is associated
o the free OH stretching of the carboxylic group calculated at
551 cm−1. The calculated spectrum shows the OH stretching mode

f the ring hydroxyl group at 3332 cm−1 while the NH stretching
ibration involving the hydrogen atom that is free from either H-
onding to the carbonyl group or interaction with the � system is
xpected at 3319 cm−1. Notably, the ring hydroxyl group interacts

able 2
RMPD spectral frequencies of protonated 3-nitrotyrosine [nitroTyr + H]+, and calculated 

Experimental Calculated IRa,b Vi
IRMPDa

1171 1163 (274) C–
1179 (87) C–
1209 (64) C–

1273 1271 (145) sy
1292 (170) C–

1329 1347 (107) sy
1376 (65) CH

1391 (102) CC
1421 1444 (199) N
1473 1489 (107) as
1540  1555 (212) as
1614 1629 (190) N
1757  1766 (288) C 

3200 (361) as
3334  3319 (127) N

3332 (273) O
3550 3551 (209) O

a In cm−1.
b Only major bands (intensity greater than 50 km mol−1, reported in parentheses) are l
Fig. 7. IRMPD spectrum of [Tyr + H]+ (a) and of [nitroTyr + H]+ (b) in the N–H and
O–H  stretching vibration region.

by hydrogen bonding with the ortho nitro group. In the absence
of this strong interaction, the ring OH stretching of protonated
tyrosine has been recorded at 3641 cm−1 (Fig. 7a). The conformer

mixture (2a–d) accounting for protonated unsubstituted tyrosine
has been characterized in detail by conformer-specific IR depletion
spectroscopy in the wavelength range of 3000–3700 cm−1 [49] and
the calculated IR spectra are illustrated in Fig. 9S.  Fig. 7b shows

(B3LYP/6-311++G**) vibrational frequencies of conformer 1a.

brational mode

O stretch and COH bend of C(O)OH
H and COH bend of aryl group, ring def
H and COH bend of aryl group, ring def
mm NO2 stretch, CH bend, ring def
NO2 stretch, CH and COH bend of aryl group
mm NO2 stretch, aryl C–OH stretch, side chain C–H bend

 and COH bend of aryl group, ring def
O stretch of side chain, CH bend of side chain methine

H3 umbrella
ymm NO2 stretch, C C and C–O stretch, aromatic CH bend
ymm NO2 stretch, C C stretch, aromatic CH bend
H2 scissor, C C stretch

O stretch
ymm NH2 stretch (H’s bound to CO and to aromatic system)
H stretch (free)
H stretch (ring)
H stretch of C(O)OH

isted.
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lso a distinct feature at 3334 cm−1, though somewhat broader and
eaker than expected on the basis of the calculated IR spectrum of

nitroTyr + H]+, which might be assigned to the unresolved ring OH
tretching and free NH stretching modes. However, hydrogen bond-
ng is known to cause both a red-shift and a pronounced broadening
ffect of OH and NH stretching vibrations to the point of render-
ng their identification difficult. This effect has been observed for
xample in water solvated ammonium clusters and in hydrated,
rotonated aminoacids and nucleobases [58–61].  It is therefore

ikely that the band at 3334 cm−1 be due to the activity of the free
H stretch. The stretching vibrations associated to the remaining

wo NH bonds, where the H atom is either engaged as hydrogen
ond donor to the carbonyl group or is interacting with the �
ystem, are calculated at 3200 cm−1 (asymm) and at 3140 cm−1

symm, very weak). These modes are red shifted with respect to
he former and are expected to show pronounced anharmonicity
49]. It is probably for these reasons that they do not yield any signal
bove baseline noise.

Overall, IRMPD spectroscopy appears less interesting in the
000–3700 cm−1 range if one aims at revealing characteristic nitra-
ion signatures. In fact, the remarkable difference between the
RMPD spectrum of [nitroTyr + H]+ and the one of [Tyr + H]+ is rather
he missing band of the free OH stretching mode associated to the
ing hydroxyl substituent while there is not any additional peculiar
eature.

. Conclusions

The protonated 3-nitrotyrosine ion [nitroTyr + H]+, has been
tudied by an approach based on tandem mass spectrometry
nd IR ‘action’ spectroscopy aimed at characterizing an important
ost-translational modification and a potential marker for patho-

ogical states. IRMPD spectroscopy in the 1000–2000 cm−1 range
as provided a clear indication of diagnostic bands associated to
he presence of the nitro group. To this end, the comparison of
he IRMPD spectra of [nitroTyr + H]+ and of [Tyr + H]+ is reveal-
ng. The dominant band at 1329 cm−1 in the IRMPD spectrum
f [nitroTyr + H]+, assigned to the aryl C–OH stretching and sym-
etric NO2 stretching, is missing in the spectrum of [Tyr + H]+.

 second characteristic, though less intense, band is observed at
540 cm−1 and is ascribed to a major contribution of asymmetric
O2 stretching. The remaining IR features present in the IRMPD

pectrum of [nitroTyr + H]+ match nicely with the corresponding
nes belonging to [Tyr + H]+. While it is by no means surprising to
ote additional bands associated to vibrations of the nitro groups,
he intensity of the band at 1329 cm−1 is remarkable. The IR spec-
rum calculated at B3LYP/6-311++G** level does not account for
uch a high activity. Tentative reasons may  stem from a failure of
he adopted DFT calculations to provide an accurate description of
he IR spectrum or to the operation of effects attached to the multi-
le photon nature of IRMPD spectroscopy [21,55–62].  It is, however,

 favorable event that a prominent feature allows a clear distinc-
ion between the native [Tyr + H]+ and the modified [nitroTyr + H]+

pecies. Ultimately, the photolability of nitrotyrosine, a drawback
ffecting MALDI analysis, may  hopefully be turned into a diagnostic
ssay.
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