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The comparison of low energy gas-phase collision-induced dissociation (eV CID) and low energy surface-induced dissociation
f protonatedN-acetylO-methoxy (N-acetyl OMe) proline shows that this ion has two main fragmentation pathways. One of them is
f methanol that occurs at low internal energy. The other one is a higher energy process, the loss of ketene from the protonate
heoretical calculations at three different levels provide further support for the energy requirements of these fragmentation react
alculations also suggest that several protonated forms may coexist together after the ion activation and several fragmentation pa
e operative, especially for the ketene loss.
2005 Elsevier B.V. All rights reserved.
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. Introduction

MS/MS fragmentation of singly and multiply protonated
eptides has a great practical importance; based on the frag-
entation pattern and sequence information in databases,

he sequence of individual peptides can be determined, and
rotein identification can be rationalized by using different
earch algorithms, such as SEQUEST[1], Mascot[2], and
S-Tag [3]. An improved understanding of fragmentation

ules for protonated peptides and their incorporation into
hese search programs may increase the reliability of protein
dentification by MS/MS.

Based on systematic studies by Biemann and Martin[4],
oyd and co-workers[5,6], Harrison and co-workers[7,8],
askell and co-workers[9,10], and Wysocki and co-workers

11–14], the so-called “mobile proton” model has emerged

∗ Corresponding author. Tel.: +1 520 6212628; fax: +1 520 6218407.
E-mail address:vwysocki@u.arizona.edu (V.H. Wysocki).

and now is widely accepted. In spite of its relative simp
ity, this model provides a good qualitative description
peptide fragmentation. Briefly, this model states that u
ion activation, the proton(s) added to a peptide will mig
to various protonation sites prior to fragmentation and
trigger charge directed cleavages. If the proton is stro
sequestered by a basic amino side chain, or in the la
the ionizing proton (fixed charged derivative peptides), o
processes, such as charge remote fragmentation can a
cur [14]. Simple molecular orbital calculations on differ
protonated forms[15,16]also played an important role in t
emergence of the mobile proton model. These calcula
clearly show that protonation on the amide nitrogen lea
a considerable weakening of the amide bond while prot
tion on the amide oxygen makes the amide bonds stro
than those in the neutral species. As a result, amide
protonated forms are considered to be possible “fragm
ing” structures even though they are less favored the
dynamically. The “mobile proton” model has been furt
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validated by additional theoretical calculations by Paizs and
co-workers[17–21]. Very recently, a kinetic model based on
the mobile proton model has also been developed by Zhang
to quantitatively simulate the low energy collision-induced
dissociation spectra of protonated peptides[22].

As was pointed out by Paizs and Suhai in a recent review
on peptide fragmentation[19], the mobile proton model
addresses questions associated mainly with the predissoci-
ation step(s), i.e., the model focuses on the accessibility or
inactivity of proton-transfer pathways, which lead to reactive
intermediates of sequence ion fragmentation channels.
To overcome this limitation, the use of the “pathways in
competition” (PIC) model that involves a detailed energetic
and kinetic characterization of the major fragmentation path-
ways (PFPs) is proposed. This approach maps the potential
energy surface (PES) and thus provides more mechanistic
and kinetic information on peptide fragmentation. It has
been pointed out that several fragmentation pathways exist
even for relatively simple systems (e.g., for RDOH, see
ref. [20]). Although a carefully built search engine has been
proposed by Paizs and Suhai[21] to make these calculations
automatic, this detailed computational approach still requires
a lot of computational time. Therefore, other experimental
and statistical approaches to study peptide fragmentation are
justified.
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retically together with the description of the two main frag-
mentation pathways.

2. Experimental

Methyl prolinate hydrochloride was purchased from
Aldrich and was acetylated without further purification by
using 5% sodium bicarbonate and acetyl chloride.

MS/MS fragmentation spectra of the protonated [M+ H]+

N-acetyl OMe proline (m/z172) were obtained on four differ-
ent instruments with different ion activation techniques. In all
cases, electrospray ionization (ESI) was used to generate the
[M+ H]+ precursor ions. Sample solutions, with a concentra-
tion range of 40–60�M in MeOH:H2O 1:1 containing 2% of
acetic acid, were infused with a flow rate of 2–5�l/min.

A Thermoelectron (Finnigan) LCQ Classic ion trap in-
strument was used to obtain low energy/multiple collision
spectra. Helium was used as collision gas and 10–30% of
the maximum excitation amplitude was applied. An IonSpec
4.7 T FT-ICR instrument was used to obtain SORI and RE
MS/MS spectra. Nitrogen gas was used as collision gas and a
1000 Hz frequency shift was used in the SORI experiments.
A short excitation pulse (20–30�s) was used in the RE ex-
periments. A Finnigan TSQ 7000 QQQ instrument was also
u with
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The first statistical evaluations of the MS/MS data of la
umbers of protonated peptides are just emerging[23–25].
he Wysocki group has been extensively involved in
ork by evaluating many thousands of low energy collisio
ctivation (eV CID) spectra. This group also has many y
f experience in another ion activation technique, low en
urface-induced dissociation (eV SID) developed origin
y Cooks and co-workers[26]. In fact, eV SID fragmentatio
f protonated peptides provided much experimental evid
f the “mobile proton” model[14].

In the present work, we present a combination of b
xperimental and theoretical results that are related to th
estigation of the so-called “proline effect”[23,27–29]. To
ake the computational time reasonable, we chose the
lest model compound,N-acetylO-methoxy (N-acetyl OMe)
roline. The structure of this compound and its proton

orm has been calculated by Siu and co-workers[30]. We ap-
lied three different levels of calculations as described in
omputation details below. On the experimental side, we
ifferent ion activation techniques available on different
truments. They include eV CID in a Thermoelectron ion
nstrument and in a Thermoelectron triple quadrupole (Q
nstrument, sustained off-resonance irradiation (SORI),
esonance excitation (RE) in an IonSpec 4.7 T Fourier tr
orm ion cyclotron resonance (FT-ICR) instrument, and
ID on a modified Micromass Q-TOF instrument. As w
e pointed below, a low energy process (methanol loss)
high energy process (ketene loss) have been obser
ain fragmentation pathways for protonatedN-acetyl OMe
roline. The ketene loss is preceded by a proton transf

hat the proton migration process was also investigated
s

sed to obtain gas-phase collisional activation spectra
r. In this case, the laboratory collision energy was va

n the range of 10–30 eV. For surface-induced dissocia
SID) experiments, a custom-modified Micromass Q-T
nstrument was used. A self-assembled monolayer pre
y reaction of 2-(perfluorooctyl) ethane thiol with a gold s

ace was used as the collision target.

. Computational details

Throughout the paper, the following notations are u
or global and local minima of protonatedN-acetyl OMe
tructures, MHI is used, whereI = 0–n, MH 0 indicating
he most stable structure reported by Siu and co-wo
30] (global minimum), MH1 is the second most stab
tructure, MH2 is the third most stable structure, etc. N
hat all relative energies are referenced to the MH0 global
imimum (Table 1). TS I J indicates a transition sta
hich connects theIth andJth minima, while TSI K and
S I M indicate transition states correspond to a ketene
r methanol (M) loss from theIth minimum, respectively
espite the relative simplicity of the investigated ion

he fragmentation processes, many local minima and m
ransition states can be found on the potential energy su
n this paper, the only structures taken into account w
hose based on energetic considerations, which might
mportant roles on the investigated processes.

Three processes have been studied: (i) the proton tra
rom the global minimum (MH0) to one of the local minim
H (1–4) that corresponds to the ring N protonated fo
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Table 1
Energy and ZPVE corrected energy values (in kJ/mol) for a few stationary points on the potential energy surface of the protonated proline derivative calculated
by B3LYP, HF, and MP2 levels of theories using the same 6-31++G(d,p) basis set

Structure B3LYP HF MP2

E E+ ZPVE E E+ ZPVE E E+ ZPVE

MH 0 0.00 0.00 0.00 0.00 0.00 0.00
MH 1 19.24 19.40 15.55 15.39 12.35 11.71
MH 2 57.25 56.77 54.36 54.04 39.93 38.16
MH 3 71.04 70.72 70.24 69.91 51.79 50.03
MH 4 84.03 84.19 78.89 79.38 58.05 57.41
MH 5 89.16 88.36 87.39 86.91 63.18 61.26
TS 0 1 40.25 39.61 32.07 30.31 30.31 28.54
TS 0 2 93.49 82.10 116.42 102.95 82.26 69.91
TS 0 4 245.50 230.11 282.87 266.83 232.84 216.96
TS 1 M 143.20 136.94 185.05 170.78 129.09 121.55
TS 2 K 180.56 172.54 205.74 182.00 171.74 151.38
TS 3 K 177.03 169.01 205.74 182.00 171.74 151.38
TS 4 K 171.42 154.42 200.76 177.99 163.72 142.56
TS 5 K 170.62 155.06 200.92 178.15 161.16 140.31

SeeFigs. 2 and 3and the text for structure notation. The energy values for the global minima are−589.9927186,−593.5390676, and−591.8113034 a.u. at
the HF, B3LYP, and MP2 levels, respectively.

(ii) the loss of methanol through the TS0 M transition state,
and (iii) the loss of ketene through the TS(1–4) K transition
states.

For the global minimum, the structure reported by Siu
and co-workers has been confirmed[30]. Note we have found
that all the other geometries corresponding to other stationary
points on the potential energy surface have higher energy than
this global minimum structure.

For MH 0→ MH 2, the methanol loss and the ketene
loss pathway potential surface scans have been performed
using two of the internal coordinates thought to be important
in the given reaction path. The potential energy surface scan
calculations have been carried out either using ONIOM
(B3LYP/6-31++G(d,p):B3LYP/6-31G(d)) [31] or pure
B3LYP/6-31++G(d,p) calculations. The stationary points
were optimized at HF/6-31++G(d,p), B3LYP/6-31++G(d,p),
and MP2/6-31++G(d,p) levels of theories. Vibrational anal-
ysis has been performed at the same levels and all stationary
points have either zero (local or global energy minima) or
only one (transition states) imaginary vibrational frequency
(negative eigenvalues of the corresponding hessians). The
numbering scheme applied is shown inScheme 1.

All the calculations have been carried out using
Gaussian’98 and the Gaussian’03 packages[32,33]. For
visualization, the Molekel program sets were used[34,35].

4

a ion
m igan
L ole
( ced
d eV).

Low energy gas-phase collisional activation in the ion trap
instrument leads to the loss of MeOH (m/z140) and a subse-
quent loss of CO (m/z112) (Fig. 1a). Note that SORI in the
IonSpec 4.7 T FT-ICR resulted in a spectrum very similar to
that detected in the ion trap. Resonance excitation in the FT-
ICR cell resulted in the same fragment ions but a weak peak at
m/z130 also appeared in the MS/MS spectrum (not shown).
This fragment ion is more prominent in the MS/MS spectrum
obtained on the triple quadrupole instrument (Fig. 1b). This
ion corresponds to the loss of ketene (CH2 C O) from the
protonated molecule. An additional fragment ion atm/z 70
also appears in the QQQ MS/MS spectrum. This peak cor-
responds to the proline immonium ion, P. The SID spectrum
(Fig. 1c) shows great similarities with the QQQ MS/MS spec-
trum. The ketene loss is apparent, but the internal fragment, P,
. Results and discussion

Fig. 1 shows the MS/MS spectra of the protonatedN-
cetylO-methoxy proline obtained by different ion activat
ethods: gas-phase collisional activation on (a) a Finn
CQ Ion Trap instrument, (b) a Finnigan triple quadrup
13 eV laboratory collision energy), and (c) surface-indu
issociation on a Micromass Q-SID-TOF instrument (13
 Scheme 1.
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Fig. 1. MS/MS spectra ofN-acetyl OMe proline obtained by different ion activation methods such as gas-phase collisional activation on (a) a Finnigan LCQ
Ion Trap instrument, (b) a Finnigan QQQ (13 eV laboratory collision energy), and (c) surface-induced dissociation on a Micromass Q-SID-TOF instrument
(13 eV).

is less intense in the SID spectrum than in the QQQ spectrum,
probably because of the multiple collision conditions used in
the QQQ.

The MS/MS results clearly show that there are two main
primary fragmentation channels: (i) a low energy fragmen-
tation pathway associated with methanol loss and (ii) a high
energy pathway related to ketene loss. Both fragmentation
pathways must be associated with rearrangements that can
be triggered by proton migration in the protonated molecule
because neither can be explained by a direct cleavage of any
of the low energy forms of the protonated molecule. To inves-
tigate the energetics of these rearrangement/proton migration
processes, we performed detailed quantum chemical calcu-

lations. Several stationary points (global and local minima
and saddle points) have been found on the potential energy
surface. These, together with the corresponding structures,
will be discussed below in detail.

4.1. Structures corresponding to energy minima

The structures corresponding to the global and local
energy minima, together with some selected transition states,
are shown inFigs. 2 and 3. The relative energies of selected
stationary points calculated by three different methods are
collected in Table 1. Table 1 also contains the absolute
energies calculated for the global minimum.
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Fig. 2. MP26-31++G(d,p) structures of the protonatedN-acetyl OMe proline corresponding to the global minimum (MH0) and selected local minima
(MH (1–5)).

MH 0 corresponds to the global minimum and was
found to be essentially the same as reported by Siu and
co-workers[30]. In this most stable structure, the acetyl
group is protonated and the ionizing proton is involved in
a hydrogen bond between the acetyl O1 and ester carbonyl
O6 atoms (the numbering of atoms is shown inScheme 1). A
conformational isomer can be easily derived from the global
minimum, in which the H13 ionizing proton participates
in a hydrogen bond between the acetyl O1 and the ester
O8 atoms (MH1). This conformation also represents a
minimum on the potential energy surface of the protonated
molecule [M+ H]+ and has higher (ZPVE corrected)
energy by 11.71–19.40 kJ/mol than the global minimum
(depending on the computational method applied;Table 1).
This relatively small energy gap between these structures
indicates that the MH1 conformation can be populated
even at relatively low internal energy. In other words, this

of sele

means that even at low energy ion activation, the MH1
conformer may coexist with the most stable protonated form
MH 0.

Other structures in which the proton is located on the ring
nitrogen (N3) are also of particular interest because they may
be intermediates in the ketene loss pathway. Geometry op-
timization starting from three different geometries for both
possible protonation sites of the N3 ring nitrogen leads to
two new local minima for each structural isomer. Therefore,
altogether at least four different low energy protonated struc-
tures should be considered (MH(2–5)). These structures are
depicted inFig. 2 and their relative energies are compared
to the global minimum inTable 1. The structures MH(2–5)
have substantially higher relative energies than the MH1 lo-
cal minimum. In each isomer, the main differences between
these local minima correspond to different acetyl conforma-
tions (Fig. 2).
Fig. 3. MP26-31++G(d,p) structures
 cted transitions states (see text for details).
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It should be mentioned that no local energy minimum was
found in which the ionizing proton is involved in a hydrogen
bond between the acetyl oxygen (O1) and the ring nitrogen
(N3). Starting from such a structure, geometry optimization
resulted in a conformer that corresponds to the global energy
minimum, MH 0.

4.2. Transition states between the global energy
minimum (MH0) and the local energy minima MH1,
MH 2, and MH4

4.2.1. MH0→MH 1 conversion, TS0 1
This is an important structural conversion in which the

proton bridged between the two carbonyl oxygen atoms (O1
and O6) in MH0 becomes bridged between the acetyl car-
bonyl (O1) and the ester oxygen (O8) in MH1 and triggers
methanol loss. This conversion corresponds to a rotation
around the C4C5 bond as shown by the vibrational dis-
placement vectors inFig. 3. The calculated activation energy
is about 40 kJ/mol (B3LYP;Table 1). This relatively small
value suggests that the rate of the interconversion between
MH 0 and MH1 is high at low ion activation energy.

4.2.2. MH0→MH 2 conversion, TS0 2
In contrast to the previous case when only a rotation
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m

F P/6-
3 the
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(

this transition requires more than twice the activation energy
than the MH0→ MH 1 rotation (see, e.g., MP2 values of
69.91 kJ/mol versus 28.54 kJ/mol;Table 1).

4.2.3. MH0→MH 4 conversion, TS0 4
The vibrational displacement vectors corresponding

to the imaginary frequency of this isomerization indicate
proton transfer from the protonated acetyl oxygen (O1) to the
ring nitrogen (N3) (Fig. 2). In this case, the proton transfer
occurs through a four-member ring. This is less favorable
than the MH0→ MH 2 transition state that corresponds
to a seven-member ring. The data inTable 1indicate that,
independent of computation method, this stationary point has
the highest relative energy, more than 216 kJ/mol. Hence,
this proton migration process is less favorable than the
decomposition of the protonated molecule (see discussion
below).

4.3. Methanol loss

It was mentioned above that there is only a small energy
gap between the global energy minimum structure (MH0)
and its rotamer around the C4C5 axis (MH1). Hence, under
low energy activation conditions, MH0 and MH1 inter-
c anol
l te
( g-
m tors
i ves
a tion.
N nal”
p r O8
o

F P/6-
3 local
m

round the C4C5 bond occurs, this transformation cor
ponds to a proton transfer from the acetyl O1 to the
itrogen, N3.Fig. 4shows the potential energy surface s
elated to this proton migration. The minimum energy p
orresponds to the movement of the proton, first toward
earby carbonyl oxygen (O6) and from there to the ring n
en (N3). Note that this proton migration does not necess
equire the existence of an O6 protonated local energy
um. It is immediately apparent fromFig. 4andTable 1that

ig. 4. Potential energy surface calculated by the ONIOM (B3LY
1++G(d,p):B3LYP/6-31G(d)) method for the proton transition from
lobal minimum (MH0) to the most stable ring nitrogen protonated fr
MH 2).
onvert. The transition state corresponding to the meth
oss (TS1 M; Fig. 5) is the lowest energy transition sta
ca. 120–170 kJ/mol;Table 1) among those that lead to fra
entation products. The vibrational displacement vec

n the transition state indicate that while methanol lea
lactone ring formation occurs in a concerted reac

ote again that methanol loss is triggered by a “rotatio
roton transfer from the acetyl oxygen (O1) to the este
xygen.

ig. 5. Potential energy surface calculated by the ONIOM (B3LY
1++G(d,p):B3LYP/6-31G(d)) method for the methanol loss from the
inimum MH 1.
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4.4. Ketene loss

It is reasonable that the ring nitrogen (N3) protonated
forms play an essential role in ketene loss. In the ring ni-
trogen (N3) protonated forms, the amide bond is signifi-
cantly weakened[16,17] which helps in the elimination of
the acetyl group. The departure of the acetyl group leaves
behind a “satisfied” nitrogen bound to three atoms, with a
lone pair available to remove a proton from acetyl producing
a neutral ketene and a positively charged counterpart. In or-
der to find appropriate transition states for ketene loss from
the ring nitrogen protonated forms, potential energy surfaces
have been generated by changing simultaneously the N3H
and the N3 C2 distances. It is important to note that this
N(3) H bond is the second NH bond, i.e., the hydrogen
atom involved in this bond is one of the H15, H16, and H17
acetyl methyl hydrogen atoms. For simplicity and computa-
tional considerations, only the parts of the potential energy
surfaces thought to be important have been drawn. It is rea-
sonable to assume that the N3C2 bond should be weakened
(i.e., the corresponding bond length should be increased) be-
fore the new N3H bond is formed. Therefore, the potential
energy surface calculations were started from an N3C2 bond
distance of 2.4 A.

The four local energy minima geometries MH(2–5)
s
s ces
c e

in the direction of the upper corner of each figure (i.e., at
relatively long N3 H (H15, H16, or H17) and sufficiently
short (1.5–1.6A) N3C2 distances). It is apparent from
Fig. 6 that the acetyl group is separated significantly from
the rest of the molecule before of one of the acetyl methyl
hydrogens moves to the N3 atom. In this part of the potential
energy surface, however, the landscape is quite flat and might
contain several local energy minima connected by very low
energy transition states. Among those transition states, there
must be some in which the imaginary frequency is dominated
by the N3···H···CH2(CO) vibration. These transition states
are shown inFig. 3 (TS (2–5) K). Notice that ketene is
only loosely connected to the rest of the molecule in these
transition states. In other words, these transition states can
also be described as loosely bound ion-molecule complexes.
The other consequence of this flat surface is the very similar
energy values obtained starting from quite different local
minima. We note, for example, that the TS2 K and TS3 K
transition states are exactly the same at the HF and MP2
levels of theory (seeTable 1; Fig. 3).

Finally, we note that the ZPVE corrected energy values
corresponding to the transition states associated with ketene
loss are higher than the transition state energies correspond-
ing to the methanol loss at all three levels of theory. For exam-
ple, at the MP2 level, the ZPVE corrected transition state en-
e /mol
c /mol
( tal
uitable for ketene loss are not shown inFig. 6; the figure
hows only the four different potential energy surfa
alculated for ketene loss. The MH(2–5) local minima ar
Fig. 6. Potential energy surfaces calculated by the B3LYP 6-
rgies for the ketene loss are in the range of 140–152 kJ
ompared to those for the methanol loss of ca. 121 kJ
Table 1). This result is consistent with the experimen
31++G(d,p) method for four different pathways of ketene loss.
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MS/MS results: a low energy loss of methanol and a higher
energy loss of ketene from the protonatedN-acetyl OMe pro-
line. The computational results also suggest that a mixture
of MH 0 and MH1 protonated forms exists in the activated
molecules and that multi-step, low energy collisions in the
longer time-frame ion trap and FT-ICR instruments result
mostly in the MeOH loss. On the other hand, higher internal
energy deposition in one or a few steps in the QQQ and Q-
TOF SID instruments allows the higher energy ketene loss to
compete with methanol loss.

5. Conclusions

The experimental MS/MS and theoretical results pre-
sented in this work provide insight into the complexity of the
fragmentation of protonated peptides. Even thoughN-acetyl
OMe proline is a relatively simple amino acid derivative
that has two main fragmentation channels (the low energy
methanol loss and the higher energy ketene loss), several
local minima and transition states have been found by the-
oretical calculations. Proton rearrangements can occur with
relatively low energy barriers so heterogeneous population of
different protonated forms may coexist before ion fragmenta-
tion. This system, therefore, provides an additional example
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