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Wavelength-selective infrared multiple-photon photodissociation (WS-IRMPD) was used to study

isotopically-labeled ions generated by McLafferty rearrangement of nicotinyl-glycine-tert-butyl

ester and betaine-glycine-tert-butyl ester. The tert-butyl esters were incubated in a mixture of D2O

and CH3OD to induce solution-phase hydrogen-deuterium exchange and then converted to gas-

phase ions using electrospray ionization. McLafferty rearrangement was used to generate the free-

acid forms of the respective model peptides through transfer of an H atom and elimination of

butene. The specific aim was to use vibrational spectra generated by WS-IRMPD to determine

whether the H atom remains at the acid group, or migrates to one or more of the other

exchangeable sites. Comparison of the IRMPD results in the region from 1200–1900 cm�1 to

theoretical spectra for different isotopically-labeled isomers clearly shows that the H atom is

situated at the C-terminal acid group and migration to amide positions is negligible on the time

scale of the experiment. The results of this study suggest that use of the McLafferty

rearrangement for peptide esters could be an effective approach for generation of H-atom isotope

tracers, in situ, for subsequent investigation of intramolecular proton migration during peptide

fragmentation studies.

Introduction

Fragmentation of gas-phase, protonated peptide ions during

collision-induced dissociation (CID) under low-energy condi-

tions (i.e. 1 to tens of eV collision energy) involves extensive

intramolecular rearrangement reactions that include cycliza-

tion, nucleophilic attack and proton transfer/migration.1–10 In

the gas-phase, peptides that contain basic amino acids such as

histidine, lysine or arginine are assumed to be initially proto-

nated at the respective side groups. For peptides that lack

these basic residues, theoretical and experimental evidence

exists for a mix of protonation sites that includes the amino-

terminus and amide carbonyl oxygen atoms.11,12 In most low-

energy peptide dissociation reactions, amide bond cleavage

requires the migration of the added proton, from the most

basic site, to the point of nucleophilic attack and this general

idea makes up the ‘‘mobile-proton’’ model of peptide dissocia-

tion.13–25

The general features of the mobile-proton model have been

augmented recently to generate the ‘‘pathways in competition’’

model,26 which takes into consideration a more comprehensive

set of pre-dissociation and post-dissociation processes as well

as the energies of reactive configurations, intermediates and

transition states. In the mobile-proton and pathways in com-

petition models, formation of a 5-, and in some cases

6-member cyclic intermediate is thought to be an integral part

of the dissociation reactions.2,3,6–10 For example, we recently

incorporated alternative amino acids such as b-alanine (bA),

g-aminobutyric acid (gABu), e-aminocaproic acid (Cap), and

4-aminomethylbenzoic acid (4AMBz) into model peptides, to

determine the effect on fragmentation patterns of changing the

size of the putative cyclic intermediate formed during the

nucleophilic attack.27 For protonated peptides, the presence

of bA, gABu or Cap into the sequence XAAG, AXAG, and

AAXG (where X represents the position of the ‘‘alternative’’

amino acid) inhibited or completely suppressed formation of

specific bn
+ and yn

+ ions.27 This observation was attributed to

the prohibitive effect of forcing intramolecular nucleophilic

attack and concomitant cyclization to proceed through larger

cyclic intermediates, which should be kinetically slower to

form and entropically less favored, when amino acids such

as bA, gAbu or Cap were used. Cyclization is prohibited when

the residue is 4AMBz because the rigid aromatic ring separates

the nucleophile from the electrophilic site of attack.
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Understanding clearly the relative importance of cycliza-

tion, nucleophilic attack and proton transfer to the yield of

sequence ions during peptide fragmentation is important, as

current protein identification in proteomics relies heavily on

CID and tandem mass spectrometry to characterize peptides

derived from enzymatic digestion. In many MS/MS experi-

ments, fragment ion spectra are interpreted using bioinfor-

matics tools in which sequencing algorithms and peptide

fragmentation models are converged.26 One problem, how-

ever, is that existing sequencing programs are based on rather

limited fragmentation models that may not take into consid-

eration the diverse and complex dissociation reactions of gas-

phase peptide ions.28 Clearly, a better understanding of the

mechanisms behind peptide fragmentation during CID will

improve the ability to use bioinformatics approaches for rapid

and accurate identification.

In a prior study we demonstrated that CID of metal

cationized peptides containing C-terminal tert-butyl ester

groups causes McLafferty-type rearrangement29 to generate

products ions with a C-terminal acid group (Scheme 1). The

rearrangement is depicted in Scheme 1 as a concerted process.

For analogous Norrish type II reactions of neutral mole-

cules,30 and McLafferty-rearrangement of odd-electron ions,31

there is compelling evidence of a two-step process that involves

formation of a distonic radical. It is not clear whether the

McLafferty-rearrangement of the peptide esters is concerted or

stepwise, and mechanistic details of the process are not

provided by conventional mass spectrometric experiments.

The salient point, however, is that the reaction leads to the

transfer of a g-position H atom and elimination of an alkene.

Subsequent to our initial study, it was discovered that the

McLafferty-type rearrangement can be used to generate an H

isotope label in the gas-phase.32 This isotope label could then

serve as a tracer to determine the extent to which scrambling of

protons about exchangeable sites along a peptide backbone

may occur during CID. The ability to monitor the intramole-

cular migration and scrambling is desirable given the impor-

tance of migration of specific protons during peptide

dissociation reactions noted above. In addition, scrambling

of H and D during CID of peptides and proteins, which is well

documented,33–41 may degrade the accuracy of tandem hydro-

gen/deuterium exchange (HDX)/CID experiments to probe

gas-phase conformation of peptides and proteins by mass

spectrometry.33,34,41

In the method developed in the previous work, the isotope

label is presumably generated at the C-terminal acid group by

McLafferty rearrangement. Migration of the isotope label to

other exchangeable sites after McLafferty rearrangement

(intramolecular H/D scrambling), but prior to activation of

a subsequent fragmentation reaction would negate the advan-

tage of generating the label at a specific position. While there

was clear evidence in the earlier study that scrambling of

exchangeable H atoms does occur during dissociation reac-

tions to produce sequence ions, what was not clear was the

extent to which the isotope label may have migrated subse-

quent to the McLafferty rearrangement.

Ideally, the propensity for H atom migration could be

determined using vibrational spectroscopy of isotopically-

altered species, because molecular vibrations are very sensitive

to changes in the reduced mass of the chromophores.

Scheme 1 Dissociation pathway for (NicGOtBu+H)+ showing McLafferty rearrangement and formation of b2
+ and a2

+ via the ‘‘oxazolone’’
pathway.
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Photodissociation using IR free-electron lasers (FEL) has

provided unprecedented access to the vibrational spectra of

discrete, neutral or ionic gas-phase biomolecules through a

large portion of the mid-infrared spectrum, including the

diagnostic amide I and amide II regions.9,10,12,42–52 Acquisi-

tion of conventional linear absorption spectra from peptide

and protein ions typically studied using mass spectrometry is

not practicable because of the extremely low ion densities (i.e.

low absorber concentrations). However, using an action spec-

troscopy approach that combines an FEL and ion-trapping

mass spectrometry, photon absorption can be monitored by

measuring fragmentation yields from WS-IRMPD.53–56

We present here a study of the product ions generated

following McLafferty-rearrangement of two model peptide

systems: nicotinyl-glycine-tert-butyl ester (NicGOtBu) and

betaine-glycine-tert-butyl ester (BetGOtBu+). The peptide

tert-butyl esters were incubated in a mixture of D2O and

CH3OD to induce solution-phase hydrogen-deuterium ex-

change and then converted to gas-phase ions using electro-

spray ionization (ESI). McLafferty rearrangement was used to

generate the free-acid forms of the respective model peptides

through transfer of an H atom and elimination of butene. The

resulting peptide ions were then subjected to WS-IRMPD to

produce a vibrational spectrum from 1200–1900 cm�1. The

specific aim was to use the photodissociation technique to

determine whether the H atom remains at the acid group, or

migrates to one of the exchangeable sites, thus probing directly

the tendency for H/D scrambling. The experiments provide

proof-of-principle results that demonstrate that the IRMPD

approach can be used to study intramolecular H atom trans-

fer, and establish that the McLafferty rearrangement of the

peptide esters can be used to selectively label the C-terminus of

a peptide for ‘‘isotope tracer’’ studies of intramolecular proton

migration. While details of Norrish type II reactions have been

revealed by elegant femtosecond spectroscopy studies,30 and

inferences made to the analogous McLafferty rearrangement,

to the best of our knowledge this type of gas-phase reaction

has not been studied using WS-IRMPD.

Experimental

Peptide synthesis

Nicotinic acid, betaine hydrochloride, glycine tert-butyl ester

hydrochloride and glycine methyl-ester hydrochloride were

purchased from Sigma-Aldrich (St. Louis, MO) and used as

received. The nicotinic acid and betaine were coupled to

glycine tert-butyl ester to make NicGOtBu and BetGOtBu+

using a resin-bound carbodiimide (PS-Carbodiimide, Argo-

naut, Foster City CA) suspended in dichloromethane. After a

minimum of 8 h, the resin was removed by filtration, the

remaining solution evaporated to dryness and the resulting

peptide esters used without further purification. The same

synthetic approach was used to generate nicotinyl-glycine-

methyl ester by coupling nicotinic acid to glycine methyl ester.

The composition and sequence of the peptide esters was

confirmed using ESI and multiple-stage CID of 109Ag+ ad-

ducts, which is an effective approach for sequencing of pep-

tides from the C-terminus in the gas phase.57

Quadrupole ion trap mass spectrometry

Quadrupole ion trap CID was investigated using a Finnigan

LCQDeca ion trap mass spectrometer (Thermo Fisher Scien-

tific, San Jose CA). Solutions of each peptide ester were

prepared by dissolving the appropriate amount of solid mate-

rial in a 1 : 1 (V :V) mixture of CH3OH and H2O or CH3OD

and D2O to produce final concentrations of 10�3 M. A small

abount of trifluoroacetic acid was added to enhance protona-

tion of NicGOtBu. The peptide-ester solutions were infused

into the ESI instrument using the incorporated syringe pump

at a flow rate of 5 mL min�1. The atmospheric pressure

ionization stack settings for the LCQ (lens voltages, quadru-

pole and octapole voltage offsets, etc.) were optimized for

highest (M)+, (M+H)+ or (M+D)+ ion intensity using the

auto-tune routine within the LCQ Tune program. The spray

needle voltage was maintained at +5 kV, N2 sheath gas

flow rate at approximately 0.375 L min�1 and the capillary

(desolvation) temperature at 200 1C.

For CID studies, the precursor isolation widths used were

0.8–1.0 mass to charge (m/z) units to ensure the isolation and

dissociation of single isotopic peak. The normalized collision

energies (which define the amplitude of R.F. voltage applied to

the end cap electrodes to induced collisional activation) were

set to 25–30% of 5 V, which corresponds to approximately

0.65 to 0.72 V in the laboratory frame of reference using the

current instrument calibration. The activation Q setting (used

to adjust the q parameter for the precursor ion during the CID

experiment) was 0.30 and activation times of 30 ms were used.

To determine the extent to which ions undergo D for H

back exchange while in the ion trap, product ions generated by

CID were isolated and stored, without imposed collisional

activation, for periods ranging from 10 ms to 1 sec. During the

isolation time, ions may react with H2O present as a con-

taminant in the vacuum system. Previous experiments have

established that an H2O partial pressure of ca. 1.0 � 10�6

exists regardless of the ESI spray solution used, and this H2O

has been used to study intrinsic hydration rates of gas-phase

metal complexes.58

Fourier-transform mass spectrometry

A custom Fourier transform ion cyclotron resonance

(FT-ICR-MS) mass spectrometer at the FOM Institute for

Plasma Physics in Nieuwegein, The Netherlands was used for

the IRMPD experiments. The mass spectrometer is equipped

with a commercial Z-spray electrospray ionization source

(Micromass, Manchester, UK) that produces ions at atmo-

spheric pressure in a spray plume orthogonal to a sampling

cone. Specific ESI operating parameters such as spray voltage,

cone voltage and ion transfer lens voltages and block and

nitrogen gas temperatures were adjusted empirically to max-

imize formation and transfer of ions to the ion cyclotron

resonance cell. Peptide solutions were created as described

above for the ion trap mass spectrometry studies.

The McLafferty rearrangement of the native or deuterium-

exchanged peptides was induced by raising the cone voltage to

cause in-source fragmentation. The resulting free-acid forms

of the peptides were accumulated in an external hexapole for

B500 ms prior to being injected into the ICR cell via a 1 m
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octapole ion guide. Rapid switching of the DC bias of the

octopole during the ion transfer allows for capture of the ions

in the ICR cell without the use of a gas pulse, thus avoiding

collisional heating of the ions.46 Product ions resulting from

McLafferty rearrangement induced in the ESI source region

were detected in the mass spectrum, and were isolated for

IRMPD study using a stored waveform inverse Fourier trans-

form (SWIFT) pulse59 which ejected all species except those

having the desired mass.

Infrared multiple photon dissociation (IRMPD)

Infrared spectra were collected by monitoring the efficiency of

IRMPD as a function of laser wavelength. After mass-selective

isolation, the precursor ions are irradiated using ten FELIX

macropulses (40 mJ per macropulse, 5 ms pulse duration,

bandwidth 0.2–0.5% of central l). IRMPD occurs through

non-coherent absorption of tens to hundreds of IR photons

when the laser frequency matches a vibrational mode of the

gas-phase ion. The energy is distributed over all vibrational

modes by intramolecular vibrational redistribution (IVR),

which allows the energy of each photon to be ‘‘relaxed’’ prior

to the absorption of the next photon, and thus allows promo-

tion of the ion’s internal energy to the dissociation threshold.60

Prior studies have shown that the infrared spectra obtained

using IRMPD are comparable to those obtained using linear

absorption techniques.61

To produce infrared spectra, the free electron laser was

scanned in 0.02 to 0.04 mm increments between 5.5 and 8.5 mm,

with measurement of product ion and un-dissociated precur-

sor ion intensities using the excite/detect sequence of the FT-

ICR-MS62 after irradiation with FELIX. The IRMPD yield is

normalized to the total ion yield, and corrected for variations

in FELIX power over the spectral range.

Molecular structure and frequency calculations

All geometry optimizations were performed using the hybrid

B3LYP functional.63,64 Optimization of a wide range of

potential conformational isomers of the McLafferty rearran-

gement products, (NicGOH+H)+ and (BetGOH)+, was in-

itiated using the relatively small 3-21g* basis set. While the

various isomers were all found to be stationary points, not all

may be expected to form under the conditions used in the

present experiments. For example, structures which must form

in gas-phase through cis–trans isomerizaton of the amide bond

are expected to have significant activation barriers. Minimized

geometries from calculations at the B3LYP/3-21g* level of

theory were then re-optimized using the 6-311+g(d,p) basis

set. Frequency calculations were carried out at the B3LYP/

6-311+g(d,p) level of theory. Vibrational spectra for the

isotope-labeled peptides were calculated using the freq = read

isotopes command, which in the Gaussian program incorpo-

rates specified isotopes into frequency calculations for opti-

mized structures. For comparison to the experimentally

derived spectra, the frequencies generated by DFT were scaled

by a factor of 0.98. As discussed below, the B3LYP functional,

and the basis sets and scaling factor employed, provided good

general agreement with the experimental IRMPD spectra. As

the goal here was to use the calculations to assign probable ion

structures and assist with interpretation of the IRMPD spec-

trum, rather than assess the absolute accuracy of theoretical

methods, alternative functionals and models were not used,

nor was calculation of dissociation and reaction transition

state energies carried out. All DFT calculations were per-

formed using the Gaussian 03 group of programs.65

Results

Ion trap collision-induced dissociation of (NicGOtBu+H)+

and (BetGOtBu)
+

and generation of H isotope label by

McLafferty-type rearrangement

Model systems with nicotinic acid or betaine at the N-terminal

sequence position were chosen, in part, for this study to test

the use of the residues to fix the charge site. As noted earlier,

there is both theoretical11 and experimental, including

IRMPD,12 evidence to support a mix of protonation sites

for gas-phase peptide ions. One goal of our research program

is to study the influence of sequence on intrinsic peptide

conformation, and for such studies it will be important to

minimize the tendency for the added charge-bearing species

(i.e. proton or metal ion) to alter conformation in the gas-

phase structure. The initial hypothesis for the NicGOtBu

system was that protonation would occur on the pyridine ring,

thus preventing the added proton from causing a change in

conformation by migrating to and interacting with multiple

amide carbonyl O atoms. The betaine residue instead contains

a fixed positive charge because of the quaternary nitrogen.

Tandem mass spectra generated from (NicGOtBu+H)+

using the quadrupole ion trap mass spectrometer are shown

in Fig. 1. Similar results, in general, were observed for CID of

(BetGOtBu)+, and the observations for (NicGOtBu+H)+ are

discussed here because they are representative of both systems.

Spectra for (BetGOtBu)+ and (BetGOH)+ are provided in

Fig. S1 of the ESI.w The only dissociation pathway observed

following isolation and CID of (NicGOtBu+H)+ at m/z 237

(MS/MS stage, Fig. 1a) was elimination of 56 mass units (u),

which is attributed to loss of isobutene from the tert-butyl

ester group through McLafferty rearrangement (part a of

Scheme 1). The rearrangement furnishes the free-acid form

of protonated nicotinyl-glycine, (NicGOH+H)+, at m/z 181.

Two pathways were observed following subsequent CID of

(NicGOH+H)+ (MS3 stage, Fig. 1b): a minor pathway that

involved formation of an ion at m/z 163 through elimination

of 18 u (H2O), and a major pathway for which the neutral loss

was 46 u (H2O+CO) to furnish an ion at m/z 135.

Using the conventional nomenclature for identification of

peptide CID product ions,66,67 losses of 18 and 46 u corre-

spond to formation of the b2
+ and a2

+ species, respectively, as

shown in Scheme 1 for (NicGOtBu+H)+. Within the context

of the ‘‘oxazolone’’ pathway proposed to explain the general

dissociation of protonated peptides,2,3,26 b2
+ is an oxazoli-

none generated by nucleophilic attack upon the C-terminal

carbonyl C atom, with associated intramolecular transfer of

an amide-position H atom. The oxazolinone then opens, with

elimination of CO, to produce a2
+. Mechanistic studies

strongly suggest that the bn
+ species are cyclic products rather

than linear acyllium-type ions.2,3 CID (MS3 stage, spectrum
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not shown) of the m/z 163 product ion generated exclusively

the a2
+ species at m/z 135, consistent with the stepwise

formation of a2
+ from NicGOH.

An alternative pathway for elimination of H2O is a retro-

Ritter or retro-Koch type reaction, as initially proposed by

O’Hair and coworkers,68 which involves elimination of an

amide position O atom. Such a pathway is particularly pro-

minent in the dissociation of metal (Li+ and Na+) cationized

peptide esters,29,69 and thus was also considered in the present

study. To determine the most probable mechanism by which

the elimination of H2O occurs, CID of protonated (NicGO-

Me+H)+ (m/z 195) was examined (results not shown). CID of

this species generated b2
+ at m/z 163, and a2

+ at m/z 135

(product ion m/z ratios identical to those observed for Nic-

GOH) via elimination of 32 and 60 u, respectively: these

neutral losses are consistent with a pathway analogous to that

shown in Scheme 1, in that it begins with elimination of

CH3OH from the C-terminus of (NicGOMe+H)+, and is

followed by elimination of CO. Comparison of CID results for

NicGOH and NicGOMe suggests that the elimination of H2O

from the former occurs at the C-terminus, and thus represents

generation of b2
+.

The mass spectra shown in Fig. 2 were generated from

NicGOtBu after incubation in a mixture of D2O and CH3OD

to induce solution-phase H/D exchange. As shown in Fig. 2a,

CID2,100 (MS/MS stage) of d2-(NicGOtBu+H)+ (2 D

atoms, at the ring N and amide N positions) at m/z 239 caused

loss of 56 u, through McLafferty rearrangement and transfer

of H, to furnish d2-(NicGOH+H)+ at m/z 183. Subsequent

CID (Fig. 2b) of d2-(NicGOH+H)+ caused elimination of

19 u (HDO) to create b2
+, and formation of a2

+ at m/z 136

through loss of 47 u (HDO and CO). Similar dissociation

behavior was observed for d1-(BetGOtBu)+ and

d1-(BetGOtH)+, for which CID spectra are provided in

Fig. S2 of the ESI.w
The loss of HDO and CO following CID of the deuterium-

exchanged forms of nicotinyl-glycine and betaine-glycine

clearly demonstrates that an H atom is transferred from the

departing butene neutral to the free-acid product ion following

McLafferty-rearrangement, consistent with the earlier study of

metal-cationized versions of acetylated peptide tert-butyl es-

ters.32 The free-acid forms of the peptides (the products

resulting from McLafferty rearrangement) were isolated and

stored in the ion trap mass spectrometer, without imposed

collision activation, for periods ranging from 10 msec to 1 sec

(spectra not shown). This experiment was performed to probe

the tendency for D for H back exchange through collisions

with ubiquitous H2O in the ion trap. The test for back-

exchange was conducted to ensure that the species generated

after McLafferty rearrangement would not be susceptible to

significant HDX that might occur through ion-molecule reac-

tions with H2O present in the ion transfer lenses in the FTICR

instrument interfaced to the free-electron laser. In the quadru-

pole ion trap, for the isolation times used, and exposure to

ca. 1 � 10�6 torr of H2O,55 no D for H back-exchange was

observed. This observation suggests that the tendency for

Fig. 1 Tandem mass spectra starting from the protonated nicotinyl-

glycine-tert-butyl ester (NicGOtBu+H)+ using the quadrupole ion

trap mass spectrometer: (a) dissociation of (NicGOtBu+H)+; (b)

dissociation (MS3 stage) of (NicGOH+H)+, product resulting from

McLafferty rearrangement.

Fig. 2 Tandemmass spectra starting from fully deuterium-exchanged

nicotinyl-glycine-tert-butyl ester d2-(NicGOtBu+H)+ using the quad-

rupole ion trap mass spectrometer: (a) dissociation of d2-(NicGO-

tBu+H)+; (b) dissociation (MS3 stage) of d2-(NicGOH+H)+,

product resulting from McLafferty rearrangement.
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exchange in the FTICR instrument is negligible, which is

consistent with the IRMPD results discussed below.

Infrared multiple-photon photodissociation of (NicGOH+H)
+

and (BetGOH)
+

Several potential conformations of protonated NicGOH, pro-

duced by DFT (B3LYP/6-311+g(d,p)), are shown in Fig. 3

and 4. The relative energies of each species are provided in

Table 1. The lowest energy conformation predicted for (Nic-

GOH+H)+ by DFT, Nic_a, is one in which the peptide is

protonated at the ring N atom of the nicotinic acid residue,

and includes a hydrogen bonding interaction between the H

atom of the amide group and the C-terminal carbonyl O atom.

Several structures that feature a proton ‘‘solvated’’ by inter-

actions with the two carbonyl groups, Nic_b, Nic_c and Nic_d,

were identified, and their relative energies are B8–12 kcal

mol�1 higher in energy than Nic_a. Other potential conforma-

tions that feature single amide O protonation, Nic_e, Nic_f

andNic_g, were all found to be at least 12 kcal mol�1 higher in

energy. Two structures in which nucleophilic attack and

cyclization has occurred were also identified (Nic_h andNic_i);

these species were 420 kcal mol�1 higher than Nic_a.

Upon on-resonance irradiation using the FEL, both

(NicGOH+H)+ and (BetGOH)+ eliminate H2O and

H2O+CO, and these photofragment ions were used to
Fig. 3 Potential conformations (Nic_a, Nic_b, Nic_c and Nic_d) for

(NicGOH+H)+ as determined using DFT (B3LYP/6-311+g(d,p)).

Fig. 4 Potential conformations (Nic_d, Nic_e, Nic_f, Nic_g and

Nic_h) for (NicGOH+H)+ as determined using DFT (B3LYP/

6-311+g(d,p)).
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generate the IRMPD spectra. Fig. 5 compares the experimen-

tal IRMPD result for native (no deuterium exchange)

(NicGOH+H)+ to theoretical spectra for the four lowest

energy conformations, Nic_a through Nic_d. Comparisons

between the experimental spectrum and the theoretical spectra

for structures Nic_e through Nic_h are provided in Fig. S3 of

the supporting information. As noted earlier, the computed

spectra are scaled by a factor 0.98 for direct comparison to the

IRMPD spectrum.

As is apparent in Fig. 5 and S3, the best match to the

IRMPD spectrum, both in terms of the positions of the

respective absorption frequencies and their relative intensities,

is the lowest energy structure Nic_a. Comparison to the DFT

calculations allows assignment of the absorptions at ca. 1770

and 1710 cm�1 to the CQO stretches of the acid and amide

groups, respectively. The absorption at ca. 1500 cm�1 corre-

sponds to the amide II band, while the weaker absorption at

ca. 1400 cm�1 is assigned to the C–C backbone stretch focused

at the C-terminal G residue. Significant populations of the

(NicGOH+H)+ conformational isomers which feature solva-

tion of a proton by amide carbonyl groups (Nic_b, Nic_c and

Nic_d), can be ruled out based on the poorer agreement

between the IRMPD and theoretical spectra in both the amide

I and amide II regions.

Potential conformations of gas-phase (BetGOH)+ are

shown in Fig. 6, and the relative energies of the species are

Table 1 Relative energies of (NicGOH+H)+ conformational isomers

Structure Electronic energy/Eh Zero point correction/Eh ZPE corrected energy/Eh DE/kcal mol�1

Nic_a �645.42760375 0.172342 �645.255262 0
Nic_b �645.41396927 0.171945 �645.242025 +8.31
Nic_c �645.41026594 0.172963 �645.237303 +11.27
Nic_d �645.40820377 0.171706 �645.236497 +11.78
Nic_e �645.40126874 0.171160 �645.230108 +15.78
Nic_f �645.40673397 0.171548 �645.235186 +12.60
Nic_g �645.40215344 0.171161 �645.230992 +15.23
Nic_h �645.38800499 0.170890 �645.217115 +23.94
Nic_i �645.38696168 0.171611 �645.215350 +25.05

Fig. 5 Comparison between IRMPD spectrum generated from (NicGOH+H)+ (a) and theoretical spectra based on DFT calculations for

structures: (b) Nic_a, (c) Nic_b, (d) Nic_c and (e) Nic_d. Conformations of Nic_a, Nic_b, Nic_c and Nic_d are provided in Fig. 3.
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provided in Table 2. The lowest energy conformation, Bet_a, is

extended and features a hydrogen bonding interaction be-

tween the H atom of the amide group and the C-terminal

carbonyl O atom. The structure in which the acid OH proton

instead participates in a hydrogen bonding interaction with

the amide carbonyl O atom, Bet_b, is several kcal mol�1 higher

in energy. Fig. 7 compares the experimental IRMPD spectrum

of native (no deuterium exchange) (BetGOH)+ to those pre-

dicted for species Bet_a and Bet_b. As is apparent in Fig. 7, the

best agreement between theory and experiment for the non-

exchanged (BetGOH)+ is for the species Bet_a. As in the case

of (NicGOH+H)+, comparison of the IRMPD spectrum

generated from (BetGOH)+ to the DFT calculations allows

assignment of the absorptions at ca. 1770 and 1710 cm�1 to

the CQO stretches of the acid and amide groups, respectively.

The absorption at ca. 1500 cm�1 corresponds to the amide II

band, while the weaker absorption at ca. 1400 cm�1 is assigned

to the C–C backbone stretch focused at the C-terminal G

residue. The amide II region is more congested for (Bet-

GOH)+ because of the addition of absorptions attributable

to the tri-methyl amino group.

Fig. 8a shows the the IRMPD spectrum derived from d2-

(NicGOH+H)+ that was generated by McLafferty rearrange-

ment of the deuterium-exchanged form of (NicGOtBu+H)+.

As demonstrated by the ion-trap CID results, McLafferty

rearrangement causes transfer of an H atom to the peptide,

presumably to the C-terminal acid group (the amide and

pyridine ring N atoms carry D atoms as a result of solution-

phase H/D exchange). The theoretical spectra shown in Fig.

8b–d are those predicted for d2-(NicGOH+H)+ with different

arrangements of the two D and one H atom in exchangeable

positions: 8b shows the calculations for ring D, amide D and

acid H; 8c shows the results for ring D, amide H and acid D

and 8d shows the results for ring H, amide D and acid D.

Adoption of isotope configurations modeled for 8c and 8d

represent cases in which the H label generated by McLafferty

rearrangement ‘‘scrambles’’ with the D atoms at the other

exchangeable sites.

Comparison of spectra in Fig. 8 suggests that the best match

between theory and experiment is for the structure that

features the H atom at the C-terminal acid group and with

D at the ring N and amide N positions. As indicated in Fig. 8b,

DFT predicts that placement of a D atom at the amide N

position of (NicGOH+H)+ shifts the characteristic amide II

band by ca. 70 cm�1 to B1430 cm�1, which places the

absorption in the high-frequency shoulder of the IRMPD

peak in the region of 1360–1460 cm�1. The major component

in this same region is attributed to C–C stretches of the peptide

backbone. It is also apparent from Fig. 8 that placement of D

at the amide position has little influence on the position or

intensity of the absorptions in the amide I region.

The presence of a significant population of gas-phase ions

for which the H atom label has migrated to the amide N

position would presumably be identified by an intense absorp-

tion in the vicinity of 1520 cm�1, as predicted in the spectrum

shown for the labeled peptide in Fig. 8c and as observed in Fig.

5a and b for the non-labeled version of (NicGOH+H)+.

Migration of the H atom to the pyridyl ring, and a D atom

to the C-terminal acid group, would presumably generate 2

absorptions of nearly equal intensity in the region of

1360–1460 cm�1, and separated by ca. 60 cm�1. While the

two predicted absorptions fall within the range of the peak

between 1360 cm�1 and 1460 cm�1 in the IRMPD spectrum,

one would expect that contribution from the isotopic isomer

modeled in Fig. 8d would lead to a broader feature in this

region, as well as a third strong absorption near 1240 cm�1.

Fig. 9 shows the comparison between the IRMPD spectrum

derived from the d1-(BetGOH)+ ion generated by McLafferty

rearrangement from the deuterium-exchanged form of the

peptide. For the cationic (BetGOH)+ peptide there are only

two exchangeable sites, the amide N and acid OH groups. The

spectra shown in Fig. 9b and c are those predicted for

d1-(BetGOH)+ with different arrangements of the D and H

Fig. 6 Potential conformations for (BetGOH)+ as determined using

DFT (B3LYP/6-311+g(d,p)).

Table 2 Relative energies of (BetGOH)+ conformational isomers

Structure Electronic energy/Eh Zero point correction/Eh ZPE corrected energy/Eh DE/kcal mol�1

Bet_a �610.92899952 0.233636 �610.695364 0
Bet_b �610.91166897 0.234249 �610.677420 +11.260
Bet_c �610.90728477 0.246720 �610.673821 +13.520
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atoms: 9b shows the calculations for amide D and acid H; 9c

shows the results for amide H and acid D. As for the

d2-(NicGOH+H)+ cation, the best agreement between

the theoretical spectra and the IRMPD spectrum for the

deuterium exchanged form of (BetGOH)+ is for the species

with the H atom located on the free acid moiety.

Discussion

Previous mass spectrometric studies have conclusively estab-

lished that an H atom from a g-position C atom is transferred

during McLafferty rearrangement.70,71 In the IRMPD study

reported here, the vibrational spectra generated from CID

products of isotope labeled peptide esters clearly show that the

H atom transferred during the rearrangement is retained at the

C-terminal acid group, entirely consistent with the mechanism

as originally proposed. To the best of our knowledge, this

represents the first study of the reaction using vibrational

spectroscopy to probe the structures of the product ions.

Comparison of WS-IRMPD data to theoretical spectra for

different isotopic isomers of either d2-(NicGOH+H)+ or

d1-(BetGOH)+ strongly suggest that minimal migration or

scrambling of the H isotope label, generated by McLafferty

rearrangement, occurs on the time scales (o sec) accessed in

the experiments reported here. For either system, scrambling

of the isotope label could conceivably occur through isomer-

ization, tautomerization and adoption of structures in which

intramolecular hydrogen bonding interactions arise between

amide carbonyl groups. DFT calculations performed using

small, model peptides suggest that tautomerization to produce

such structures should be energetically feasible, and may form

used in ion-trapping instruments during peptide CID.72 The

migration of protons across a peptide backbone occurs

through multiple cyclization and proton transfer steps between

amide carbonyl groups: these cyclic intermediates and transi-

tion states for proton transfer have all been found to lie below

the threshold for dissociation for small peptides by DFT

calculations.11,72 Thus the lack of migration and transfer of

the H atom in the present study suggests that the internal

energy of the product ions, after McLafferty rearrangement

was not sufficiently high to overcome the barriers either to

tautomerization or proton transfer.

Beyond confirming the rearrangement reaction mechanism,

the results of this study have important implications for the

use of in situ generation of an isotope label/tracer for the study

of intramolecular proton migration. In an earlier study of

Fig. 7 Comparison between IRMPD spectrum generated from BetGOH (a) and theoretical spectra based on DFT calculations for structures: (b)

Bet_a and (c) Bet_b. Conformations of Bet_a and Bet_b are provided in Fig. 6.
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migration/scrambling using the isotope label method and

metal-cationzed peptides, intramolecular scrambling of H

and D during CID of peptide ions was exposed by the splitting

of specific sequence ions into isotopic peaks.28 By incorporat-

ing sarcosine at various sites within a model AcGGG-OH

motif it was clear that the amount of peak splitting, and thus

isotope scrambling, was dependent on the number and posi-

tion of possible exchange sites. One important assumption

made in the prior study was that the isotope tracer, once

generated by McLafferty rearrangement, remained at the C-

terminal acid group. Subsequent scrambling was then assumed

to occur during the dissociation reactions to produce specific

sequence ions. The present results suggest that the initial

assumption was correct, and that the splitting of specific

sequence ions into isotopic peaks was due to the scrambling

of protons during the dissociation reaction. In future cam-

paigns, work will focus on combining generation of isotope

label by McLafferty rearrangement and spectroscopic investi-

gation using the IRMPD method to study intramolecular

proton migration in the same metal cationized peptide systems

employed in the earlier study, as well as in larger protonated

peptides, to map the extent to which H atom migration occurs

during CID reactions.

As noted earlier, the (NicGOtBu+H)+ and (BetGOtBu)+

cations were chosen for this study to test the use of functional

groups to fix the charge site within model peptide systems. To

study the intrinsic influence of sequence on peptide conformation,

it will important to minimize any effect of the added proton, or

metal ion, on structure. The initial hypothesis for the NicGOtBu

system was that protonation would occur on the pyridine ring,

thus keeping the proton from effecting a change in conformation

by interacting with the amide carbonyl O atoms. This hypothesis

is supported by the IRMPD study of (NicGOH+H)+, for which

the best comparison to theoretical spectra is for the ring-proto-

nated species. Preliminary investigations using IRMPD suggest

that nicotinic acid can be used to sequester the added proton at

the N-terminus of larger peptides.73 In the case of the (BetGO-

tBu)+ cation, the present results demonstrate that IRMPD can

be used with a peptide in which the charge site is permanently

fixed to the N-terminus, thus allowing for potential spectroscopic

investigation of charge-remote fragmentation reactions.

Conclusions

Using wavelength-selective IRMPD we have investigated

transfer of an H atom by McLafferty rearrangement for two

Fig. 8 Comparison between IRMPD spectrum generated from d2-(NicGOH+H)+ (a), and theoretical spectra based on DFT calculations for 3

different labeled isomers: (b) ring D, amide D and acid H; (c) ring D, amide H and acid D and (d) ring H, amide D and acid D. The conformation

used to model the isomers was Nic_a, Fig. 3.
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model peptide systems, protonated nicotinyl-glycine-tert-butyl

ester and the cationic betaine-glycine-tert-butyl ester. McLaff-

erty rearrangement was used to generate the free-acid forms of

the respective model peptides through transfer of an H atom

and elimination of butene. The resulting peptide ions were

then subjected to wavelength-selective IRMPD to produce

vibrational spectra from 1200–1900 cm�1. Comparison with

DFT-generated spectra allowed definitive assignment of ab-

sorption bands corresponding to the free-acid carbonyl, amide

I and amide II stretches, and enabled assignment of ion

structure. For the nicotinyl-glycine system, the best match

between IRMPD and theoretical spectra, both in terms of the

respective absorption frequencies and relative intensities, is for

a conformational isomer that is protonated at the pyridine

ring N atom, and includes an intramolecular hydrogen bond-

ing interaction between the amide position H atom and the C-

terminal carbonyl O atom. For the betaine-glycine system, the

best agreement between theory and experiment was for a linear

conformer with a stabilizing intramolecular hydrogen bond

similar to that for the analogous nicotinyl-glycine system.

The intramolecular transfer of the H atom by McLafferty

rearrangement, and in particular, the potential scrambling of

the exchangeable H atoms, was proved using the model

peptide tert-butyl esters incubated in a mixture of D2O and

CH3OD to induce H/D exchange. For the deuterium ex-

changed peptide ester, CID and McLafferty rearrangement

produces a heterogeneous isotopically labeled peptide ion

containing two D atoms and one H atom at exchangeable

sites. Comparison of the IRMPD results to theoretical spectra

for different isotope labeled isomers clearly shows that the H

atom is situated at the C-terminal acid group and migration to

amide positions is minimal on the time scale of the experiment.

Thus scrambling of H atoms situated on exchangeable sites is

not occurring to any significant degree.

While the general features of the McLafferty rearrangement

have been inferred from several mechanistic studies using

isotope labeling and mass spectrometry (and thus made the

system a good prototype for the IRMPD investigation), to the

best of our knowledge this is the first infrared spectroscopic

investigation of the structures of the closed-shell product ions,

which are in accord with the hypothesized reaction pathway.

In addition to demonstrating that the IRMPD approach can

be used to study H atom transfer within discrete ions, the

results suggest that use of the McLafferty rearrangement for

peptide esters could be an effective approach for generation of

H-atom isotope tracers, in situ, for the investigation of in-

tramolecular proton migration during peptide fragmentation

studies.

Fig. 9 Comparison between IRMPD spectrum generated from d1-(BetGOH)+ (a) and theoretical spectra based on DFT calculations for 3

different labeled isomers: (b) amide D and acid H and (c) amide H and acid D. The conformation used to model the isomers was Bet_a, Fig. 5.
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