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A B S T R A C T

Infrared multiple-photon dissociation (IRMPD) spectroscopy has been used to examine the gas-phase
conformations of a series of short protonated polyproline ions (Pro3–Pro6), their CID/IRMPD
fragmentation pathways, and the associated fragment identities. Consistent with previous findings,
and in combinationwith density functional theory (DFT) andMM/MDmethods, a series of conformers for
the protonated parent ions having their first peptide bond in the cis conformation has been identified.
This conformation maximizes the solvation of the protonated N-terminus and stabilizes these compact
globular-type conformations. This is in contrast to the PPI and PPII polyproline-type helices reported for
larger polyproline peptides in solution. As well, this conformation leads to a unique fragmentation
pattern upon collisional or multiple-photon activation. We report observation of the uncommon, but
thermodynamically favored, diketopiperazine-type b2+ fragment ion. Formation of b2+ ions along the
diketopiperazine pathway is in line with a cis configuration of the first amide linkage in the protonated
parent ion. Additionally, the parent ion conformations, fragmentation pathways, and proton affinities of
the resulting fragments have been related to the observed proline-effect in CID mass spectra.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mass spectrometry has developed into an indispensable tool in
modern proteomics and biochemical analysis in general. Complex
and sophisticated sequencing algorithms have been developed
relating fragmentation patterns to parent ion sequence. However,
much of the backbone fragmentation following non-standard
pathways remains poorly modeled and the data resulting from
these pathways is often not completely utilized [1], possibly
resulting in reduced sequence information and less reliable
identification. In order to more completely exploit the information
contained in protein/peptide MSn experiments, incorporation of a
more comprehensive description of peptide fragmentation
mechanisms, including not only models of non-standard
fragmentation pathways, but also relative fragment-ion intensity
information, is required [2].

The fragmentation of protonated peptides can be described
using the mobile proton model, in which a proton normally
sequestered at the most basic site in the peptide can localize on

amide nitrogen sites following activation [3–7]. This leads to
cleavage of the resulting weakened C(QO)��NH2

+ bond and is
referred to as the bn-ym pathway [8]. As illustrated in Scheme 1 for
b2 formation, this most commonly occurs by nucleophilic attack of
the first amide carbonyl oxygen on the carbon of the protonated
amide leading to an oxazolone-type fragment [9–11]. Dissociation
can also be accomplished with the N-terminal nitrogen acting as
the nucleophile, forming a diketopiperazine-type fragment.
Within this model, the oxazolone generating reaction requires
trans conformation of the first peptide bond, while the diketopi-
perazine analog requires cis conformation. The oxazolone-type
structure is common and thought to be kinetically favored while
the diketopiperazine-type structure is rare, but thermodynami-
cally favored.

While peptide bonds are nearly exclusively in the trans
configuration, isomerization from trans to cis conformation of
the peptide bond is in some cases thought to be feasible [12–14].
This can be attributed to the weakening and loss of double-bond
character of the peptide bond after protonation of the amide
nitrogen. This is especially possible when a basic residue traps the
proton near to the site of isomerization and has been used to
explain the observation of diketopiperazine b-type fragments from
protonated histidine-containing peptides [14,15]. In other cases,
such as in proline-containing peptides, the peptide bondmay exist
in the cis conformation in advance, making the formation of the
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diketopiperazine b-fragment more easily rationalized. Cis peptide
bond conformation is commonly cited as occurring in only
0.03–0.05% of cases as a result of both the difference in relative
energy of the cis/trans conformers (� +10kJmol�1) and the high
barrier to isomerization (�85kJmol�1) [16,17]. However, for amide
bonds involving a proline residue, the cis/trans conformers are
nearly iso-energetic, being separated by only �2kJmol�1 and
connected by a barrier of approximately 55 kJmol�1 [16,17].

Within the framework of the bn-ym fragmentation pathway, the
proton is finally shared by the two neutral fragments of the
protonated parent in a proton-bound-dimer (PBD) [18]. It is
expected that the relative ratio of bm/yn ions should qualitatively
correspond to the ratios of proton affinities (PAs) between the
fragments [8]. As it is generally assumed that the yn fragment (as a
truncated peptide) should have a higher PA than the cyclic
diketopiperazine [18], it is expected that upon dissociation of the
PBD, the diketopiperazine fragment would often be lost as a
neutral and remain unobserved. For oxazolone b-type fragments,
having proton affinities typically on the order of the corresponding
y-fragments, this is much less the case.

Proline is unique among the common amino acids due to its
pyrrolidine ring and the associated rigidity it imparts on the
peptide backbone when present. It has been suggested that
cis–trans isomerization of the peptide bonds in a proline
containing-protein is the rate-limiting step in the folding process
[19]. Overly-represented fragmentation at Xxx-Pro amide linkages
in peptides has been reported in many studies [20–25] and is
commonly referred to as the proline effect [26–30]. Additionally, it
has been noted that there is an uncommon over-expression of
y-type fragment ions in the CID spectra of proline containing-
peptides, as well as a dominant b2+ ion peak in the case of
N-terminal Xxx-Pro occurrences [31]. These effects are often
attributed to the high proton affinity of proline and the resulting
C-terminal fragments (y-type) as well as the low threshold-energy
related to cleavage N-terminal to proline [20]. CID experiments of
Pro8NH2-H+ have been used to demonstrate the near absence of
b-type ions as well as unbalanced abundances of y-type ions,
favoring those resulting from the loss of an even number of proline
residues [32]. This fragmentation pattern was found to be
dependent on an unblocked N-terminus and the absence of
proton sequestering high-basicity residues. Additionally, it was
noted that this unique pattern from repeating Pro-residues is not a
result of sequential losses of diproline units, but rather the
immediate loss of an even number of Pro residues from the
protonated parent.

In solution, polyprolines commonly exist as either an all-cis,
right-handed helix with 3.3 residues per turn (PPI) or an all-trans
left-handed helix with 3.0 residues per turn (PPII) [33]. These
helical structures are unique in that they completely lack hydrogen
bonding in their peptide backbones. PPI is stabilized by a tight
conformation, maximizing van derWaals interactions, while PPII is
stabilized by solvent interactions with the outward facing carbonyl
oxygen. PPI is additionally unique in that the macrodipole along

the axis of the helix has its partial negative component toward the
N-terminus and is thus stabilized by N-terminal protonation. This
is in direct contrast to the more common alpha-helix (and others)
where the helix is stabilized by an extensive network of backbone
hydrogen bonds. In this case, protonation at the N-terminus
interactswith themacrodipole in a destabilizingmanner as a result
of the consistent orientation of the amidic N��H groups toward the
N-terminus. Ion mobility experiments and molecular dynamics
simulations by Counterman and Clemmer have explored the
conformational properties of a large range (over both size and
charge state) of polyproline peptides [34]. Small polyprolines were
found to mainly adopt conformations that solvate the protonated
N-terminus, suggesting that for smaller systems the van derWaals
stabilization may be insufficient to promote the formation of the
helices. They reported a common structural motif involving cis
conformation of the first peptide bond in the system, which leads
to a bend in the backbone and strong hydrogen bonds between the
protonated N-terminus and one or a few of the first carbonyl
oxygen. In their simulations, conformations of the remaining
amide bondswere found to be of less importance, where possibly a
mixture of cis/trans linkages allowed for more compact gas-phase
structures.

Infrared multiple photon dissociation (IRMPD) spectroscopy
is a technique that provides direct conformational insight for
gas-phase ions and has been applied in the past to identify the
conformation of peptide fragment ions [15,35–38]. Here, we use
IRMPD spectroscopy in compliment with computational methods
to examine the conformations of a series of small polyprolines
(3–6 residues) and the influence of the cis/trans amide bond
conformation on their fragmentation pathways.

2. Experimental and computational methods

2.1. Infrared multiple photon dissociation (IRMPD) spectroscopy

Infrared action spectra of protonated peptide and fragment ions
were obtained using a previously described Fourier transform-ion
cyclotron resonance (FT-ICR) mass spectrometer coupled to the
FELIX infrared free electron laser [39]. Protonated molecular ions
([M+H]+) ions were generated using electrospray ionization (ESI)
from approximately millimolar peptide solutions in 50:50
acetonitrile:water, acidified with �0.1% formic acid. Peptide
samples were obtained from GeneCust (Luxemburg) at 95%
purification and used as received. Pro2 and Pro6 were synthesized
at Radboud University Nijmegen and cyclo-ProProwas prepared at
the University of Amsterdam according to a literature protocol
[40]. Following the electrospray process, [M+H]+ ions were
accumulated in a linear hexapole trap before being injected into
the ICR cell. Peptide fragment ions were generated by nozzle-
skimmer dissociation in the high-pressure region at the interface
of the electrospray source and the hexapole trap/accumulation
region, or directly in the ICR cell by irradiation with a 35W
continuous-wave CO2 laser for a few hundred milliseconds
(ULR-25; Universal Laser Systems, Scottsdale, USA).

Once trapped in the cell, all unwanted ions are ejected by a
stored waveform inverse Fourier transform (SWIFT) excitation
pulse. The remaining isolated ions are then irradiated by the
tunable infrared radiation from FELIX, which arrives as 5ms
macropulses (5 or 10Hz) of approximately 30–40mJ with a
bandwidth of �0.4% of the center frequency. Resonant absorption
leads to an increase in the internal energy resulting in unim-
olecular dissociation. This produces a frequency-dependent
fragmentation signal which is recorded in the ICR cell using a
typical excite/detect procedure. Relation of parent and fragment
ion intensities in the observed mass spectral data in terms of the
fragmentation yield (SI(fragment ions)/SI(parent + fragment

[(Scheme_1)TD$FIG]

Scheme 1. Different reaction mechanisms for formation of oxazolone and
diketopiperazine b-type fragment-ions showing necessary backbone distortions
for each reaction.
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ions)) generates the final infrared vibrational action spectrum. The
yield at each IR point is obtained from three averagedmass spectra
and is linearly corrected for laser power; the frequency is
calibrated using a grating spectrometer. IRMPD spectra in the
C��H, N��H, and O��H stretching region (2700–3700 cm�1) were
obtained using an optical parametric oscillator (OPO, Laser Vision,
Bellevue, USA). The Nd:YAG-pumped-OPO generates between 10
and 20mJ per 5ns pulse at 10Hz in the 2700–3700 cm�1 range
with a bandwidth of approximately 3 cm�1. The IR frequency is
calibrated with a wavemeter.

Collision induced dissociation (CID) mass spectral experiments
were conducted using a Bruker AmaZon Speed ETD quadrupole ion
trap. [M+H]+ ions were generated using electrospray ionization
(ESI) fromapproximately 10micromolar peptide solutions in 50:50
acetonitrile:water acidifiedwith 0.1% formic acid. After isolation in
the trap, the [M+H]+ ions of interest were subjected to CID
conditions for 40ms with amplitude parameters of approximately
0.5–1.0V.

2.2. Computational chemistry

Even small peptides, such as those considered here, tend to
have relatively complex conformational landscapes. As a result,
manual definition of input geometries using chemical intuition
alone rapidly becomes difficult when considering peptides of sizes
larger than 2 and 3 residues. In order to more completely explore
the potential energy surface of these peptides, we have therefore
employed a molecular mechanics/molecular dynamics (MM/MD)
approach using AMBER 12 [41], approximately following a
procedure described in more detail previously [42]. Initial guess
geometries were first optimized in the Gaussian09 package [43] at
the B3LYP/6-31++G(d,p) level of theory. Charges from these initial
results were used for parameterization of the nonstandard
terminations of the peptides in their predicted non-zwitterionic
gas-phase conformations in the antechamber program. After
minimization within AMBER, a simulated annealing procedure
up to 1000K was used. With this temperature range it was found
that even relatively large barriers, such as cis/trans isomerization of
the peptide bond, were adequately overcome during the simu-
lations of these polyproline peptides. A 1 fs step size was used with
coordinates being saved periodically throughout the simulation for
individual optimization. The resulting 500 structures were
grouped based on structural similarity using appropriate rms
criteria (leading to approximately 30 structures for each peptide
size). Next, these structures were each optimized at the B3LYP/6-
31++G(d,p) level followed by vibrational analysis within the

rigid-rotor harmonic oscillator model. Vibrations were scaled by
0.975 in the fingerprint region (800–2000 cm�1), while C��H,
N��H, and O��H stretches in the 2700–3700 cm�1 region were
scaled by 0.955. Calculated stick spectra are broadened using a
Gaussian function with a FWHM of 25 cm�1 for comparison with
experiment. For Pro3H+, optimizations on all geometries resulting
from the MM/MD procedure were also completed at the B3LYP/6-
311+G(d,p) level, and MP2(full)/6-311+G(2d,2p) electronic
energies were obtained for optimized geometries at both DFT
levels. Finally, harmonic frequencies using the M06 functional as
well as anharmonic frequencies at the B3LYP/6-311+G(d,p) level
were obtained for the lowest energy conformation of Pro3H+.
Energies at all three levels of theory were found to be largely
consistent. As well, M06 frequencies and anharmonic frequencies
were not found to offer improvement over modeling at the B3LYP/
6-31++G(d,p) level. These additional calculations are summarized
in the supporting information file in Table S1 and Fig. S1. Proton
affinities (PAs) and gas-phase basicities (GBs) were calculated
using thermodynamic quantities for the protonated and neutral
peptides and fragment species at the B3LYP/6-31++G(d,p) level.
Specifically, PAs and GBs were calculated as the negative enthalpy
change and negative free energy change (at 298.15K) associated
with the relevant protonation reactions, respectively. Numerous
proton affinities have been reported for proline [44–48]. While we
have here employed only amoderate level of theory, our calculated
value of 944kJmol�1 closely matches the previously reported G3
(MP2) value of 942 kJmol�1 [46]. We use this comparison to justify
the, at least qualitative, accuracy of our calculated PAs for the
proline-based peptides and fragment ions reported here.

3. Results and discussion

Figs.1–4 show the IRMPD spectra of Pro3H+, Pro4H+, Pro5H+, and
Pro6H+ obtained in the 800–1800 cm�1 spectral region as well as
the 2700–3700 cm�1 region of C��H, N��H, and O��H stretches
(measurements in the 2700–3700 cm�1 region were not obtained
for Pro6H+). Fig. 5 shows a direct comparison of these experimental
spectra. IRMPD spectra of the b2+, y2+ (from the Pro3H+ precursor),
and y3+ (from the Pro4H+ precursor) are presented in
Figs. 6, S7 and 1, respectively. CID mass spectra of the protonated
parent ions, Pro2H+, Pro3H+, Pro4H+, Pro5H+, Pro6H+, and Pro7H+, are
presented in Fig. 7. The MM/MD/DFT procedure described above
was used to obtain around 30 optimized geometries and
vibrational spectra for each of the Pro3H+, Pro4H+, Pro5H+,
Pro6H+, and y2+ species. The peptide bond dihedral angles, relative
electronic energies, enthalpies and Gibbs free energies (298K) are

[(Fig._1)TD$FIG]

Fig. 1. IRMPD spectrum of Pro3H+ shown with the calculated vibrational spectrum of the lowest energy structure, Pro3H_c1, in blue (structure inlayed) with cis/cis
conformation of the amide bonds in the peptide backbone. The experimental spectrum of the y3+ fragment ion produced from CID of Pro4H+ is shown in black dashed line.
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[(Fig._2)TD$FIG]

Fig. 2. IRMPD spectrum of Pro4H+ shownwith the computed vibrational spectrum of the lowest-energy structure (Pro4H_c3, cis/trans/trans, structure inlayed) in dotted blue
and the second lowest energy structure (Pro4H_c5, 8.7 kJmol�1, cis/trans/cis) in dashed purple. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

[(Fig._3)TD$FIG]

Fig. 3. IRMPD spectrum of Pro5H+ shownwith calculated vibrational spectrum of the lowest energy calculated structure in dotted blue (Pro5H_c0, cis/trans/cis/trans, structure
inlayed) and the second lowest energy calculated structure (Pro5H_c7, 17.6 kJmol�1, cis/trans/cis/trans) in dashed purple. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

[(Fig._4)TD$FIG]

Fig. 4. IRMPD spectrum of Pro6H+ shownwith the calculated spectra of the lowest energy structure in dotted blue (Pro6H_c8, cis/trans/cis/trans/trans, structure inlayed) and
the second lowest energy structure (Pro6H_c15, 2.0 kJmol�1, cis/trans/cis/trans/trans) in dashed purple. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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presented in Tables S2–S6 for the six lowest energy structures
found. Relative free energies and cis/trans peptide backbone
dihedral conformations (Vpeptide, Ca��C(QO)��N��Ca) are listed
in captions of Figs. S2–S5 for the low energy structures considered
as likely to be contributing to the experimental measurements.
Dihedral angles are qualitatively labelled as being in either cis or
trans conformation, however, some variation from zero and 180
degrees does exist inmost cases and precise values are given in the
supporting information (Tables S2–S6). In the conformational
search, different puckering orientations of the proline
five-membered ring have been considered, but we have not made
any generalizations related to the overall peptide structure [49,50].
Calculated conformations are organized with the addition of an
index “_c#” after the name of the peptide.

3.1. Structures of protonated Pro3, Pro4, Pro5, and Pro6

3.1.1. Structure of Pro3H
+

The lowest energy calculated conformation of Pro3H+
, Pro3H_c1,

has both peptide bonds in the cis conformation and the protonated
N-terminus interacting with both carbonyls of the first and second
residues, as well as the C-terminal carboxyl group. The close
agreement between the calculated spectrum of this ion and the
measured IRMPD spectrum leads us to assign this conformation to
that of Pro3H_c1 under our experimental conditions (see SI for
comparisonwith other low-energy structures). Fig. 1 also contains
the IRMPD spectrum of the y3+ ion generated from Pro4H+. As
expected, this spectrum closelymatches that of Pro3H+ and leads to
its assignment as a protonated truncated peptide. The double
feature of the carboxyl stretch between 1700 and 1800 cm�1 in
both the spectrum of Pro3H+ and that of the y3+ fragment, is
unaccounted for by the single band in the calculated structure of
Pro3H_c1 and likely indicates some contribution of a second
low-energy conformer, possibly Pro3H_c3 with a cis/trans confor-
mation, see Fig. S2. While structure Pro3H_c3 lies 7.0 kJmol�1

higher and would not be expected to be significant in a Boltzmann
population, this energy difference is within the range of
computational uncertainty that we infer from relative energy
values computed at different levels of theory (Table S1). The
calculated spectrum in the 2900–3700 cm�1 region contains C��H
stretches below 3000 cm�1 and N��H stretches between 3100 and

3300 cm�1. These bands are, however, unobserved experimentally
because of the relatively low pulse energy from the OPO below
�3000 cm�1 and the likely high degree of anharmonicity
associated with the strongly hydrogen-bonded amine N��H
stretches [51–53]. The unbound carboxyl CO��H stretch at
�3590cm�1 corresponds very well to the experimentally
measured band in this region.

3.1.2. Structure of Pro4H
+

Fig. 2 contains the calculated spectra of the two lowest-energy
identified Pro4H+ conformers, Pro4H_c3 and Pro4H_c5, overlaid on
the experimental IRMPD spectrum. While the second lowest-
energy conformer, Pro4H_c5, is calculated to be 8.7 kJmol�1 higher
in free energy, the lowest energy conformer, Pro4H_c3, alone
appears to be unable to account for the C��OH bending feature
observed around 1100–1200 cm�1 and possibly the region of
highest intensity immediately to the red of 1400 cm�1. The second
lowest energy conformation accounts for these regions nicely and
we suspect a mixture of these two conformers to co-exist. The
differences in the C��OH bends is likely a result of the long-range
weak hydrogen bond involving the C-terminus in Pro4H_c5
(see Fig. S3) that does not exist in the structure of Pro4H_c3
shown in Fig. 2.

In the 3mm spectral range, a small shoulder-peak in the C��H
stretching band near 2960cm�1matcheswell to the intense peak in
the spectrum of the second lowest-energy structure, providing
additional support fora fractionalpresenceof thisstructure.Thevery
weak broadly distributed intensity in the 3100 cm�1 region is better
accounted for by the lowest-energy conformation, as well as the
C��H stretches to the red of 2900 cm�1, although here, the lowest-
energy conformation has a small blue-shift in comparisonwith the
experimental band. The freeCO��Hstretch at�3590 cm�1 is in good
agreement with the calculated bands of both structures.

[(Fig._5)TD$FIG]

Fig. 5. Overlay of IRMPD spectra for Pro3H+, Pro4H+, Pro5H+ and Pro6H+. Pro5H+ is
markedly different in the 1700–1800 cm�1 region due to the alternative
conformation of the carboxyl group in comparison with the other oligo-proline
peptides.

[(Fig._6)TD$FIG]

Fig. 6. IRMPD spectrum of the b2+ fragment ion from Pro3H+ shown with the
calculated vibrational spectrum of the lowest-energy diketopiperazine structure in
dotted blue and the second lowest diketopiperazine structure in dashed purple. The
lowest-energy calculated oxazolone fragment structure is shown in the bottom
panel in dashed red line. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3.1.3. Structure of Pro5H
+

Pro5H+ has a somewhat different calculated lowest-energy
conformation (Pro5H_c0) in comparison with Pro3H+ and Pro4H+,
as illustrated in Figs. 3 and S4. The main difference is the
conformation of the C-terminal CO��H group, where the proton is
shared between the C-terminus and the CQO of the fourth
residue. In addition, theN-terminus is interactingwith the CQOof
the C-terminus and the CQO of the first residue. In this bound
conformation, the CO��H stretch is, as expected, red-shifted and
broadened and thus unobserved at 3570cm�1, where it was
observed for Pro3H+ and Pro4H+. There is, however, a very small
band observed in the experimental spectrum at 3570cm�1,
attributed to a contribution from a minor population of the
second lowest-energy structure (Pro5H_c7, 17.6 kJmol�1 higher in
free energy). The broadly distributed intensity centered at
2700 cm�1 corresponds well to the CO��H stretch of the lowest-
energy conformation. The C��H stretch bands of the second lowest
energy conformation possibly contribute a slight shoulder to the
more intense C��H stretching band of the lowest-energy
conformation just to the red of 3000 cm�1.

There is relatively clear disagreement between the experimen-
tal spectrum and that computed for the second lowest-energy
conformer in the fingerprint region, further suggesting the
contribution from ions having the second lowest-energy confor-
mation to be very limited. The line positions of the calculated
amide I vibrations, carboxyl CQO stretch just above 1700 cm�1,
and the N��H scissoring mode at 1580 cm�1 for Pro5H_c0 match
nicelywith the IRMPD spectrum. Both experimental and calculated

spectra above 1550 cm�1 are unique from Pro3H+ and Pro4H+ and
clearly contrast the structural differences. The calculated spectrum
of Pro5H_c7, while likely representing a small percentage of the ion
population, is again seen to contribute only slightly to the observed
spectrum. Possibly, a small shoulder in the experimental COHbend
at 1130 cm�1 as well as a non-zero baseline around 1775cm�1 is
observed from ions having this conformation.

3.1.4. Structure of Pro6H
+

The IRMPD spectrum of Pro6H+, presented in Fig. 4 matches
reasonably well with the calculated spectra of the identified low
energy structures, Pro6H_c8 and Pro6H_c15 (+2.0 kJmol�1). Other
calculated spectra and structures are presented in Fig. S5. The
calculated spectrum of Pro6H_c8, with the N-terminus hydrogen-
bonded to the carbonyl group of the fifth residue, matches well in
the 1600–1800 cm�1 amide I region. Perhaps consideration of the
nearly iso-energetic second lowest energy conformation
Pro6H_c15 accounts for the peak near 1125 cm�1. In this conformer,
the C-terminus is further away from, and thus less affected by,
interaction with the charged N-terminus.

3.1.5. Spectral differences for Pro3H
+, Pro4H

+, Pro5H
+, and Pro6H

+

related to conformations
The IRMPD spectra of Pro3H+ and Pro4H+ are fairly similar with

only a few distinguishing features, as illustrated in Fig. 5. Indeed,
the calculated structures which have been attributed to the
experimentally observed spectra are similar. In both structures, the
protons of the N-terminus are each hydrogen-bonded to adjacent
carbonyl oxygens. In Pro3H+, these are the CQO groups of the first
and second residues, but for Pro4H+ the first and third carbonyl
oxygens are bound to the N-terminus, leaving the second amide
carbonyl free. As a result, the partly overlapping CQO stretching
bands of the three carbonyl groups produce the double-featured
appearance of the amide I peak. The NH2-scissoring mode of the
protonated N-terminus is overlapping with this peak.

In the calculated spectrum of Pro3H+, the carbonyl stretch of the
first residue is observed at approximately at 1680 cm�1, while two
overlapping modes at approximately 1630 cm�1 are both coupled
motions of the second carbonyl stretching and the protonated
N-terminus scissoring.

In contrast to Pro3H+ and Pro4H+, the amide I band for Pro5H+ is
nearly overlapping with the red-shifted carboxyl CQO stretch,
likely as a result of the different bonding environment of the C-
terminus. The Pro4H+ COH bending peak just to the blue of
1100 cm�1 has a double feature in the IRMPD spectrum likely due
to the contribution of the second lowest energy structure
(illustrated in Fig. 2). This is not observed for Pro3H+. Pro5H+ does
not have a peak in this region, as expected, due to hydrogen-
bonding of the CO��H with the carbonyl oxygen of the fourth
residue. The peak just below 1200 cm�1 in the spectrum of Pro5H+

is mainly from coupled��CH2�� ring vibrations, likely correspond-
ing to the small shoulder of the C��OH bending peak for Pro4H+,
and possibly Pro3H+.

The spectrum of Pro6H+ is again similar those observed for
Pro3H+ and Pro4H+, suggesting a general structural pattern for
polyprolines, with Pro5H+ as somewhat of an exception in the
series. Generally speaking, the IRMPD spectra of these four
protonated peptides exhibit similar overall features, while
the details nicely distinguish the structural differences in the
conformations.

In general, the cis versus trans configuration of the first peptide
bond is seen to have a distinct effect on the overall conformation of
the peptide. For example, for Pro3H+ in Fig. S2, the three mostly
extended structures (c4, c6, and c2) all have a trans configuration of
the first peptide bond. This results in a different bonding
environment for the N-terminus, the central CQO moiety and

[(Fig._7)TD$FIG]

Fig. 7. CID Mass spectra for PronH+ (n =2–7) precursor ions. Labelled ions: y5+ –

504m/z, y4+ – 407m/z, b4+ – 389, y3+ – 310m/z, y2+ – 213m/z, b2+ –195m/z, 126m/z
(see text for description), y1+ – 116m/z.
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the C-terminus, in comparison to the structures with a cis
conformation of the first peptide bond and more compact
structures (c1, c3, and c0). Considering Figs. S2 (structures c4,
c6, and c2), S4 (structure c2) and S5 (structure c31), one can see
that in all cases where the first peptide bond is trans, a more
elongated structure results, where the N-terminus tends to be less
solvated. As the N-terminus is one of only two possible hydrogen
bond donors in these peptides, this is likely related to the increased
stability of the more compact conformations resulting from a
cis configured first peptide linkage.

3.2. Fragments and dissociation pathways of Pro3H
+

3.2.1. Structure of Pro3H
+ b2

+

IR spectroscopy of the b2+ fragment generated from Pro3H+

clearly shows that this fragment ion is of diketopiperazine type
(see Fig. 6). This can be inferred from the close spectral match with
the spectrum calculated for the lowest-energy structure, which is
of diketopiperazine type, and with the experimental IRMPD
spectrum generated from the synthetic protonated cyclo-ProPro
(see Fig. S6). Additionally, the b2+ experimental spectrum shows no
sign of a band near 1850 cm�1, where the oxazolone CQO stretch
would typically be found [35]; the calculated diketopiperazine
amide CQO stretch at 1730 cm�1 matches favorably with
experiment. Comparison with other calculated diketopiperazine
structures, protonated at different sites and with different ring
conformations (not shown), confirmed the assignment of the
oxygen-protonated structure shown here. A shoulder in the
experimental band to the red of 1700 cm�1 suggests that a portion
of the sampled ions exists as the calculated higher-energy rotamer
of the lowest-energy structure shown in the middle panel of Fig. 6.
Although only separated by 7.1 kJmol�1 (see Table S7), intercon-
version between these two structures was computed to have a
barrier of approximately 35kJmol�1.

3.2.2. Structure of the y2
+ fragment of Pro3H

+

Fig. S7 contains the IRMPD spectrum of the y2+ fragment ion
derived fromPro3H+ aswell as the calculated spectra for the lowest
and, nearly-degenerate, second lowest-energy structures of the
truncated peptide Pro2H+. Interestingly, these two conformations
differ only by the cis/trans orientation of the peptide bond, with the
trans conformation being 1.8 kJmol�1 lower in free energy. This
change in peptide bond conformation results in the first carbonyl
group interacting with the other proton of the protonated
N-terminus, and being closer to the ��CH2�� group of the proline
ring instead of the proton attached to the a-carbon of the second
residue. Such minor structural differences, predictably, result in
very similar vibrational spectra, with the main differences being in
the experimentally unobserved C��H stretches below 3000 cm�1

and the 1200–1300 cm�1 region of the fingerprint spectra. While
the experimental spectrum matches qualitatively better to the
lowest-energy trans conformation (blue), the contrast with

the calculated spectrum of the second lowest-energy conforma-
tion is insufficient to assign one structure to the experimentally
measured ion population. Additionally, consideration of the
calculated free energies would suggest a mixture of these two
conformations at room temperature.

3.2.3. CID of Pro2–7H
+

Structural insightfromthe IRMPDresultsdiscussedabove,aswell
as calculated thermochemical properties obtained for thematching
conformations, provides valuable information for interpreting the
observed CID fragmentation patterns of these polyprolines. Table 1
contains a list of the significant fragments observed after CID of the
protonated Pro2H+��Pro7H+ parent ions presented in Fig. 7. For
PronH+ (n =4–7) themost intense fragments are the yn�2

+ ions [32]
and very little intensitywas observed for any of the bm+ ions and for
the y1+ fragment. Pro3H+ is markedly different in its fragmentation
pattern, having an intense b2+ signal. Pro3H+ has been previously
reported to form mainly y- and b-type fragments (67.6% – y2+,
29.7% – b2+) and additionally at higher energies an ion at m/z 126
[22]. This ionwas proposed to be formed from both the b2+ ion and
the [M+H]+precursor. These results are in closeagreementwith the
presently reported CID results, with only small amounts of the a2+

and y1+ ions being observed here in addition.
Fragmentation along the bm-yn pathway reportedly results in a

proton-bound-dimer of the complementary neutral fragments [4].
Upon dissociation of the dimer, the fragment retaining the proton
will be the one observed in the mass spectrum and its counterpart
will be lost as a neutral. Presumably, the fragment with the higher
PA is expected to predominantly retain the proton. Table 2 lists the
PAs and GBs of Pro3 and its observed fragments. As yn-type
fragments are thought to correspond to truncated peptides (see
also Fig. S6), the calculated peptide PAs are also taken as the PAs of
the corresponding neutral yn-type fragments. As illustrated in
Table 2, the PA of the diketopiperazine b-type fragment is lower
than both the oxazolone b-fragment and any of the yn fragments
considered (themselves comparable). This is consistent with the
near absence of b-ions in the fragmentation patterns observed for
Pro4H+, Pro5H+, Pro6H+, and Pro7H+ assuming that the b2 fragments
have diketopiperazine and not oxazolone structure. This assump-
tion appears justified by the fact that all of the low-energy
conformations for Pro3H+, Pro4H+, Pro5H+, and Pro6H+ identified
here from the IRMPD spectra have cis conformation of their first

Table 1
CID fragments formed from Pro2–7H+ (%).

Pro2H+ Pro3H+ Pro4H+ Pro5H+ Pro6H+ Pro7H+

m/z 70 29.0 – – – – –

y1+ 71.0 5.5 2.6 – – –

m/z 126 – 11.9 1.4 – – –

a2+ – 1.8 0.3 0.4 – –

b2+ – 21.0 3.3 5.5 0.2 0.4
y2+ – 59.7 58.8 16.6 14.1 3.1
y3+ – – 33.7 67.1 7.3 27.3
y4+ – – – 10.5 76.3 3.8
y5+ – – – – 2.0 65.3
Syn+/total frag. int. 71.0 65.2 95.1 94.2 99.8 99.6

Table 2
Proton affinities and gas-phase basicities of Pro3 and associated fragment ions
(kJmol�1).

B3LYP/6-31++G(d,p) PA GB Fragment label

Pro3 1028 1003 y3+

Pro2 996 972 y2+

Proline 944 922 y1+

b2-oxazolone 1025 1009 b2+

b2-diketo 888 868 b2+
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peptide bond. The values in Table 2, however, do not explain the
observed intensity ratios of the b2+ and y1+ fragments for Pro3H+,
although for this combination, the PA-difference between b2 and
yn�2 fragments is by far the smallest in the series considered.
Clearly the fragmentation patterns observed here cannot be simply
described using thermodynamic arguments and considerations of
the internal energy distribution of the ions aswell as kinetic factors
need to be considered.

4. Conclusions

In summary, the results presented here indicate that the
b2 fragment of Pro3H+ is characteristic of the thermodynamically-
favored diketopiperazine structure, showing no band higher than
1800 cm�1, where an oxazolone carbonyl stretch would typically
be found. This leads us to assign this ion to be one of only a few
cases where a b-type fragment does not form on the so-called
oxazolone pathway. Additionally, we observed collisional
activation of the larger polyprolines to produce mainly y-type
fragments. Computations show that y-ions of increasing size are
increasingly likely to retain the proton in the dissociation process,
particularly when the complementary N-terminal b2-fragment
possesses a diketopiperazine structure. This is due to the
substantially lower proton affinity of the diketopiperazine
structure as compared to the oxazolone b2-structure.

Further evidence for the formation of diketopiperazine
b2-fragments is provided by IR spectroscopy, establishing that
the first peptide bond in the protonated polyproline precursor ions
is generally in the cis-configuration. The IRMPD spectrum of
protonated Pro3 matches nicely with the calculated spectrum of
the lowest energy conformation identified here, having both amide
bonds in the cis configuration. For Pro4H+, Pro5H+, and Pro6H+, the
experimental spectra match with calculated structures having
mixed cis and trans peptide bonds, however, the first amide bond
was found to be cis in all cases. In these conformations, the
protonated N-terminus can hydrogen-bond with the carbonyl
oxygens; recall that apart from the terminal ends of the peptide,
there exist no H-bond donors in polyproline peptides. Hence,
establishing that the first peptide bond is generally in a
cis-configuration supports the proposition of a diketopiperazine-
b2 fragment for protonated polyprolines.
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