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Infrared multiple photon dissociation (IRMPD) spectroscopy was used to study formation of
b2

� from nicotinyl-glycine-glycine-methyl ester (NicGGOMe). IRMPD shows that NicGGOMe
is protonated at the pyridine ring of the nicotinyl group, and more importantly, that b2

� from
NicGGOMe is not protonated at the oxazolone ring, as would be expected if the species were
generated on the conventional bn

�/yn
� oxazolone pathway, but at the pyridine ring instead.

IRMPD data support a hypothesis that formation of b2
� from NicGGOMe involves mobilization

and transfer of an amide position proton during the fragmentation reaction. (J Am Soc Mass
Spectrom 2009, 20, 1841–1845) © 2009 Published by Elsevier Inc. on behalf of American Society
for Mass Spectrometry

Effective application of tandem mass spectrome-
try, collision induced dissociation (CID), and
bioinformatics for protein identification requires

a clear understanding of peptide ion fragmentation
mechanisms. Low-energy CID of protonated peptides
promotes rearrangement reactions in which the added
proton presumably migrates to the amide bond that is
ultimately cleaved [1–12], as treated in the “mobile-
proton” (MP) [13–25], and “pathways in competition”
(PIC) models of peptide dissociation [26]. Experimental
studies have established that the C-terminus-containing
yn

� fragments are truncated peptides [6, 27, 28], while
the N-terminus-containing bn

� and an
� species have substi-

tuted oxazolone ring and imine structures, respectively [4,
5, 11, 12, 29, 30].
Wavelength-selective infrared multiple photon dis-

sociation (IRMPD) spectroscopy has recently been used
to probe and confirm proposed structures of peptides
and peptide dissociation products, with studies of the
latter focusing primarily on bn

� and an
� ions [11, 12, 29,

30]. Our group has designed model peptides and ap-
proaches to probe intramolecular migration of protons
during peptide dissociation reactions [31, 32]. Versions
of these model peptides are the subject of the present
study, in which IRMPD was used to determine the
structure of protonated nicotinic acid-glycine-glycine-

methyl ester (NicGGOMe), and the b2
� fragment ions

from NicGGOMe and benzoic acid-glycine-glycine-
methyl ester (BzGGOMe). The pyridine ring of the
nicotinic acid residue is used to sequester the “mobile”
proton added to the peptide to produce (M � H)�, and
inhibit migration to the site of intramolecular nucleo-
philic attack during fragmentation reactions. IRMPD
spectroscopy provides strong evidence for the mobili-
zation and migration of amide-position protons during
dissociation reactions of model peptides.

Experimental

Mass Spectrometry and IRMPD Spectroscopy

CID experiments were performed using a ThermoFinnigan
(San Jose, CA, USA) LCQ-Deca quadrupole ion trap
(QIT) mass spectrometer. IRMPD spectra were col-
lected using the FT-ICR mass spectrometer coupled
to the beamline of the free electron-laser user facility
(FELIX) infrared free electron laser [33–35]. Ions
produced by electrospray ionization (ESI) were accu-
mulated in a hexapole ion trap, and isolated and
irradiated with FELIX for 2 s at a 5 Hz repetition rate
over a wavelength range 5.6–10 �m (�1000–1780
cm�1): beyond 5.6 �m, there was a significant loss of
laser power. Data acquisition and instrument control
was accomplished using a modified version of the
data system and software developed by Heeren and
coworkers [36].
NicGGOMe and BzGGOMe were prepared by cou-

pling nicotinic or hippuric acid to glycine methyl ester
using a resin-bound carbodiimide (PS-Carbodiimide;
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Argonaut, Foster City, CA, USA), and used as 1 mM
solutions in 80/20 methanol/water with �1% acetic
acid added to aid protonation ESI produces abundant
(M � H)� ions for both peptides. Adjusting the rf
amplitude and the axial trapping voltage of the accu-
mulation hexapole region allows formation of b2

� by
source CID.
CID (QIT) spectra generated from NicGGOMe and

BzGGOMe are provided in supplemental information,
Figure S-1, which can be found in the electronic version
of this article. CID of protonated NicGGOMe and
BzGGOMe produces predominately b2

�. CID of b2
� de-

rived from either precursor produces a2
�, and the same

product ions generated upon resonant infrared irradia-
tion with FELIX. To generate an IRMPD spectrum, a2

�

fragment intensities were summed and divided by the
total ion intensity at each wavelength, and linearly
corrected for variations in the laser pulse energy.

Density Functional Theory Calculations

The Gaussian 03 set of programs [37] was used for all
DFT calculations. A range of structures for protonated
NicGGOMe, and b2

� from NicGGOMe and BzGGOMe,
were initially (fully) optimized at the HF/6-31g(d) level
of theory, and then reoptimized at the B3LYP/6-
31�g(d,p) and B3LYP/6-311�g(d,p) levels of theory.
Because of the small size of the model systems, an
intensive search of the peptide potential energy surface
using molecular dynamics was not deemed necessary.
Relative energies for all species were calculated by
correcting B3LYP/6-311�g(d,p) total energies for zero-
point vibrational energy (ZPE) obtained from the un-
scaled frequencies determined at the same level of
theory. Predicted IR spectra were generated at the
B3LYP/6-311�g(d,p) level of theory and scaled by a
factor of 0.98, which is commonly used when compar-
ing DFT and IRMPD data for peptides [29, 30, 32].

Results and Discussion

In Figure 1, the IRMPD spectrum of NicGGOMe is
compared with (theoretical) spectra for the three lowest
energy conformations predicted by DFT [(1a), pyridine
ring protonated, (1b) and (1c) charge solvated struc-
tures]. Structures for several other minima are provided
in Figure S-2, and electronic energies, zero-point energy
corrections and relative energies in Table S-1 of the
supporting information The spectrum predicted for the
pyridine ring-protonated structure (Nic_RP_1, Figure
S-2) agrees best with the experimental IRMPD spec-
trum; agreement between the spectra predicted for the
“charge-solvated” conformations (Nic_OP_6 or Nic_
OP_7, Figure S-2) is poor.
The four lowest energy conformations for b2

� from
NicGGOMe are shown in Figure S-3; energies are
provided in Table S-2. Calculations indicate that iso-
mers of b2

� protonated at the pyridine ring (Nic_b2_a
and Nic_b2_b, Figure S-3) are favored by ca. 6–7 kcal/

mol over those protonated on the oxazolone ring
(Nic_b2_c and Nic_b2_d, Figure S-3). The experimental
IRMPD spectrum for b2

� derived from NicGGOMe is
compared to the theoretical IR spectra predicted for all
four isomers in Figure S-4. In Figure 2, the IRMPD
spectrum of b2

� (Figure 2a) is compared with a blend
(50:50) of the spectra predicted for the two pyridine
protonated species (Nic_b2_a and Nic_b2_b, Figure 2b),
and the lowest energy isomer featuring a protonated
oxazolone N atom (Nic_b2_c, Figure 2c). Because of
difficulty accessing the frequency region expected for
the oxazolone C�O stretch (ca. 1960 cm�1) due to low
laser power, comparison is made between IRMPD and
DFT in Figure 2 using the frequency range 1200–1700
cm�1. The predicted IR spectrum of the oxazolone-
protonated structure contains a diagnostic absorption
near 1580 cm�1 for the latter ( N–H bending mode) that
is absent both for the spectrum predicted for the pyri-
dine ring-protonated structure and in the IRMPD spec-
trum. As evident in Figure S-4, there is also good
agreement between the IRMPD and DFT spectra for the
Nic_b2_a and Nic_b2_b in the region of the oxazolone
C�O stretch. The IRMPD spectrum of b2

� generated
from protonated BzGGOMe, a control peptide that
lacks the N atom within the N-terminal protecting
group (Figure S-5 of the supporting information), is
dominated by a feature at 1590 cm�1 that matches the
position predicted for the N–H bend in an oxazolone

Figure 1. Experimental IRMPD spectrum of protonated Nic-GG-
OMe compared with calculated spectra for the three low-energy
structures. (a) IRMPD spectrum; (b) pyridine ring protonated struc-
ture; (c) and (d) charge solvated, amide C�O protonated structures.
Predicted spectra are generated at the B3LYP/6-311�g(d,p) level of
theory and are scaled by a factor of 0.98.
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protonated structure, thus ensuring that such a feature
would be observed if present.
Two pathways can be proposed for generation of b2

�

from NicGGOMe. The first would involve proton trans-
fer and nucleophilic attack steps characteristic of the
conventional bn/yn oxazolone pathway [9, 10, 26], as
shown in Scheme 1. In this process, NicGGOMe is
converted from a ring-protonated structure to a
“charge-solvated” structure by transfer of a proton from
the nicotinic acid ring to the proximate carbonyl. A
second proton transfer to the neighboring amide-N
atom then precedes intramolecular attack, with ring
closure. This mechanism is not in accord with either the
spectroscopic measurements or theory. Our DFT calcu-
lations indicate that the charge solvated structure is ca.
4–5 kcal/mol higher in energy than the pyridine ring
protonated structure. Moreover, the IRMPD and calcu-
lated spectra displayed in Figure 1 indicate that gas-
phase NicGGOMe is protonated on the pyridine ring,
with little evidence for a charge solvated structure.
Migration of the proton from the pyridine ring to the
amide carbonyl O atoms to populate the precursor
species required in Scheme 1 is difficult to envision
because of the meta- position of the N atom and the
general rigidity of the nicotinyl group. In addition, no
stable conformers were identified by DFT in which the
C-terminal amide C�O group participates in an H-
bonding interaction with the protonated pyridine ring,

and thus allow migration of the proton to the backbone
(for example of closest approach, see Nic_OP_9 in
Figure S-2 of the supporting information).
To account for generation of b2

� from NicGGOMe, a
second mechanism is proposed (Scheme 2) in which an
amide position proton is mobilized and transferred to
the departing glycine-methyl ester moiety. The reac-
tion starts with proton transfer via a five-membered
transition-state. This leads to charge separation, but the
intermediate may be stabilized by intramolecular hy-
drogen bonding. Intramolecular attack forms the pre-
cursor to the oxazolone ring, which is completed upon
proton transfer and scission of the amide linkage. This
is supported by experiments in which the precursor
peptide was first incubated in D2O, and which show
conclusively that the proton transferred is from an
exchangeable site (Figure S-6), which for NicGGOMe
must either be amide or the pyridine ring positions. The

Scheme 1. Formation of b2
� from protonated NicGGOMe

through the conventional oxazolone pathway. Proton transferred
to departing GOMe neutral originates at the pyridine ring N atom.

Figure 2. Experimental IRMPD spectrum of the b2
� fragment of

protonated NicGGOMe compared to calculated spectra. (a) IRMPD
spectrum; (b) blend (50:50) of the spectra predicted for the pyridine
ring protonated structures; (c) lowest energy oxazolone protonated
structure. Predicted spectra are generated at the B3LYP/6-
311�g(d,p) level of theory and are scaled by a factor of 0.98.

1843J Am Soc Mass Spectrom 2009, 20, 1841–1845 IRMPD SUGGESTS MOBILIZATION OF AMIDE PROTONS



alternative mechanism is consistent with the IRMPD
results, which indicate that both NicGGOMe and b2

� are
protonated at the pyridine ring.
To summarize, IRMPD spectroscopy and DFT calcu-

lations unambiguously show that the b2
� fragment ion

from NicGGOMe is a substituted oxazolone protonated
at the N-atom of the pyridine ring. The fact that both
ions are protonated on the pyridine ring provides
evidence that b2

� ions from NicGGOMe may be gener-
ated via a pathway that involves mobilization and
transfer of amide position protons. We note that a low
abundance ion corresponding to b3

� is also generated
from protonated NicGGOMe: this product is likely
generated by a similar mechanism. Preliminary experi-
ments show that b2

� is the most abundant product
generated from peptides with an N-terminal betaine
residue (Figure S-7, supporting information), species
that have fixed charge sites without an “added” proton
to migrate to the site of attack: for this particular
peptide transfer of an amide position proton is re-
quired. In addition, CID of metal cationized versions of
NicGGOMe and BzGGOMe produces prominent (b2 –
1 � cat)� products (spectra not shown), which also must
involve migration of amide position H atoms. Future
work will include a theoretical survey of the reaction
pathway to resolve the energetic details of the amide
migration process, as well as a determination of

whether a similar phenomenon is operative in the frag-
mentation of peptides that contain arginine residues.
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