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ABSTRACT: Although the sequencing of protonated proteins and peptides with tandem
mass spectrometry has blossomed into a powerful means of characterizing the proteome,
much less effort has been directed at their deprotonated analogues, which can offer
complementary sequence information. We present a unified approach to characterize the
structure and intermolecular interactions present in the gas-phase pentapeptide leucine-
enkephalin anion by several vibrational spectroscopy schemes as well as by ion-mobility
spectrometry, all of which are analyzed with the help of quantum-chemical computations.
The picture emerging from this study is that deprotonation takes place at the C terminus. In
this configuration, the excess charge is stabilized by strong intramolecular hydrogen bonds
to two backbone amide groups and thus provides a detailed picture of a potentially common
charge accommodation motif in peptide anions.

■ INTRODUCTION

Understanding and predicting the structural behavior of
biomolecules (e.g., aggregation of peptides1) from first-
principles is one of the grand challenges for contemporary
physical chemistry. Our ability to obtain three-dimensional
structures of (bio)molecular gas-phase ions has made great
strides over the past few years as a result of dramatic
improvements in shape analysis by ion-mobility2−7 and bond-
specific contact determination of compact structure with mass-
selective vibrational spectroscopy.8−13 In particular, recently
developed cryogenic processing of mass-selected ions stored in
low-temperature ion traps14−18 has helped in many cases to
overcome spectral congestion by reducing the conformational
phase space accessible at elevated temperatures.
The focus of the mass spectrometry based characterization of

peptides, including the prevalent field of proteomics,19 has been
on cations, whereas research on structure and fragmentation
mechanisms of anionic peptides is still in its infancy. With
recent instrumental developments in fast polarity switching,20 it
is now possible to collect both cation and anion mode MSMS
spectra of peptide digests without degrading the quality of the
cation fragmentation data, opening up the prospect of
increasing peptide sequence coverage with complementary
anion fragmentation data. Collision-induced dissociation
tandem mass spectrometry on deprotonated peptides has

been shown to mostly yield b- and y-type fragments as well as
c-ions with a strong side chain dependence.21−24 As in the
cations’ case, it is important to characterize the basic charge
accommodation motifs in the anionic analogues to provide a
rationale for their observed fragmentation patterns.
In this study, we explore the preferred gas-phase structures of

the pentapeptide leucine-enkaphaline anion. The investigation
of anionic species can prove especially difficult as illustrated by
the recent literature on cysteine, where infrared and photo-
electron studies are in disagreement about the deprotonation
site,25,26 and in fact the answer may depend on electrospray
conditions/solvents used to form the gas-phase anion.27,28 In
this study we explore the preferred gas-phase structures of this
prototypical peptide by using infrared multiple photon
dissociation (IRMPD) spectroscopy, cryogenic ion vibrational
predissociation (CIVP) spectroscopy, and ion-mobility spec-
trometry, which are complemented by quantum-chemical
calculations based on density-functional theory. We analyze
the characteristic vibrational signatures of intramolecular
hydrogen bonding through a comparison of the single- and
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multiple-photon mass selected infrared spectra. The aim of this
endeavor is to pair the complementary structural information
obtained from mass selective infrared spectroscopy and ion
mobility spectrometry with standard collision-induced dissoci-
ation spectrometry to characterize the internal solvation of
deprotonated carboxylate groups.
Leucine-enkephalin is a pentapeptide with YGGFL primary

sequence (Scheme 1) and has been mostly studied in the gas

phase as a protonated species,29 including IR spectroscopic
indications that a mobile proton is at play under ambient
temperatures conditions.30 The structures of some of its major
fragments remain of fundamental interest, with macrocyclic
structures for the a4 fragment being found recently by elegant
IR-UV double resonance spectroscopy at cryogenic temper-
atures.31 Under the same experimental conditions, such a ring
formation was excluded for the b-ions of YGGFL,31 though
cyclic isomers had been observed previously at room
temperature.32 With the large body of work on its protonated
analogue, the YGGFL anion offers an ideal system to further a
basic understanding of the effects of deprotonation on gas-
phase peptide structure.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

A. Mass Spectrometry. All experiments described were
performed on electrosprayed gas-phase anions of leucine-
enkephalin. In general, a solution of commercially available
leucine-enkephalin acetate salt hydrate (cat# L9133, Sigma-
Aldrich) was prepared as a stock solution in pure water at a
typical concentration of 10−5 mol/L. It was found that adding
5% (vol) of a 5 M ammonium acetate solution (cat# 09691,
Sigma-Aldrich) improved ion intensity and stability. The low
temperature IRPD measurements were performed with a
mixture of this stock solution with methanol (1:4 v%/v%).
A.1. Collision-Induced Dissociation (CID) Mass Spectrom-

etry. Collision-induced dissociation (CID) was performed on a
LTQ-Orbitrap XL ETD mass spectrometer (ThermoFisher
Scientific, San Jose, CA, USA). The solutions used were
prepared as described above. The ions were generated with
electrospray ionization and spraying conditions were optimized
with respect to the intensity of the parent anion (m/z 554.26)
at the detector of the linear ion trap. For LTQ-Orbitrap
measurements the following protocol was used: precursor ion
(MS1) isolation at m/z 554.26 with a mass selection window of
3.0 amu, for CID with helium resonant radio frequency
excitation at m/z 554.26 was applied. The collision energy was
tuned stepwise between 0 and 30 in steps of 1 (in internal
units), and the corresponding fragment ions were recorded in

the Orbitrap mass analyzer over a mass range of 150−700 m/z.
Analysis of the mass spectra was aided by the XCalibur
Software package (vs 2.1, Thermo Fisher Scientific).

A.2. Ion Mobility Spectrometry (IMS). Experiments were
performed on a home-built instrument that couples IMS with
photoelectron spectroscopy described in detail elsewhere.5,33

Briefly, an electrospray ionization source is interfaced to a dc
mobility drift cell by an hourglass shaped ion funnel. The room
temperature drift cell is operated at a helium pressure of about
2.5−3 mbar and at a homogeneous drift field of 10 V/cm. The
injection energy of the ions, i.e., the difference between the dc
voltages of the funnel exit electrode and the entrance electrode
of the drift cell, can be varied over a range of 10−100 V. Ions
leaving the drift cell are detected after being discriminated
according to their mass-to-charge ratio by means of a
quadrupole mass filter to yield arrival time distributions.
From the arrival time distribution the reduced ion mobility
(zero field limit)34 and the collision cross sections (ccs) are
derived.

B. Vibrational Spectroscopy. B.1. Infrared Multiphoton
Dissociation (IRMPD) Spectroscopy. Infrared multiple photon
dissociation (IRMPD-) spectroscopy was performed in a 7T-
FT-ICR mass spectrometer (Bruker Daltonics, Billerica, MA,
USA). The mass spectrometric setup35,36 as well as the laser
spectroscopic method have been described in detail pre-
viously.37 Electrosprayed ions are fed into a desolvation
capillary (with 0.5 mm inner diameter) held at ∼100 °C. A
home-built ion funnel was used to focus the ions, while
reducing the amount of neutral molecules by using a jet
disrupter.38 The ions were stored in a home-built hexapole trap
for typically 0.8 s before being pulsed into the ICR cell
(Bruker’s Infinity cell). The hexapole was modified to feature
additional molybdenum wires, which are attached between the
rods in a tapered fashion so as to create an axial dc potential
gradient, similar to the proposal by Marshall et al.39 Ions were
then trapped on the fly by pulsing the trapping voltages of the
ICR cell open for an appropriate time, here ∼1.0 ms.
The cell itself is enclosed in a copper jacket that was either

held at room temperature or cooled to ∼160 K by a controlled
flow of liquid nitrogen. The detailed design of the modified
ICR cell is described elsewhere.40,41 For experiments with a
cooled trap, a 1.0 s delay after storage of the ions was
implemented to allow the ions time to thermalize by radiative
cooling. The ions of interest were mass-selected in the ICR cell
by an isolation pulse before being irradiated with laser light.
Infrared light was generated with a Nd:YAG-pumped OPO/

OPA parametric oscillator (LaserVision, Bellevue, WA, USA).
The laser beam is focused into the ICR cell by a CaF2 lens with
750 mm focal length entering the ultrahigh vacuum chamber
through a CaF2 zero length viewport (MDC Vacuum Ltd., East
Sussex, U.K.) mounted onto the cell flange. The laser power
was monitored by sending a reflection from a CaF2 wedge onto
a pyroelectric detector (Coherent, 33-1140 and read out unit
Field Master GS). The number of laser pulses allowed into the
ion cell was controlled by a TTL-pulse-driven electro-
mechanical shutter (Newport, Model 845 HP).
An in-house written software suite was used to record the

data. The laser was scanned through the IR range with discrete
step sizes of 2 cm−1. At each step, mass spectra with and
without laser irradiation were recorded along with the laser
power. Scans were taken by recording a preset number of mass
spectra (typically 4). To obtain photofragment mass spectra,
the trapped ions were irradiated for 2 s corresponding to 40

Scheme 1. Lewis Structure of Neutral Leucine-Enkephalin
with Numbering of the Position of Possible H-Bond Donors
(Hydrogen Atom) and Acceptors (Oxygen Atom of Amide
Group) As Used Throughout the Text
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laser pulses (at a repetition rate of 20 Hz) with each laser pulse
being 6−8 ns long. Infrared action spectra were evaluated from
the mass spectra by taking the difference between intensities of
laser-induced fragment ions and fragment ion intensities
without laser from the reference mass spectra (i.e., baseline
correction). This difference was normalized to parent ion
intensity of the reference spectra, or equivalently, to the sum of
parent and fragment ion intensities with the laser on (eq 1). No
explicit correction for relative laser output was taken into
account, though relative laser power was recorded in each scan
to ensure a smooth laser power curve avoiding any spectral
artifacts due to laser fluctuations.

=
∑
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I
I

I
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frag
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B.2. Infrared Predissociation Spectroscopy. The Yale
Photofragmentation Spectrometer has been described in detail
elsewhere.42 Briefly, electrosprayed ions were guided through a
skimmer and two apertures to a final pressure of 2 × 10−7 Torr
using radio-frequency-only quadrupoles and octopoles. After
turning 90° in a dc-only quadrupole, the ions were guided in a
quadrupole ion trap (QIT, Jordan TOF) mounted to a closed-
cycle helium cryostat (Sumitomo RDK-415E) held at 10 K. He
buffer gas (10% D2 by volume) was injected into the trap by a
pulsed valve (Parker series 99) to capture the ions. D2 adducts
of deprotonated leucine-enkephalin were observed tens of
milliseconds after the gas pulse and continued to increase in
abundance until trap ejection at 95 ms. The ions were then
injected into a Wiley−McLaren time-of-flight mass spectrom-
eter where they were intersected with the output from an
OPO/OPA parametric oscillator (LaserVision, Bellevue, WA,
USA) at the temporal focus. Finally, photoproducts were
separated from intact D2 adducts in a secondary reflectron and
detected with microchannel plates.
To ensure the predissociation spectrum is linear in laser

fluence, the output of the OPO/OPA was lowered until a linear
photofragmentation response was observed for all transitions.
For the 800−2300 cm−1 range, the signal and idler beams are
mixed in a AgGaSe2 crystal, increasing the bandwidth of the
laser from ∼3 cm−1 in the 2300−4000 cm−1 range to ∼6 cm−1

after conversion to the lower energy photons. The CIVP signal
is reported as the photoproduct yield as a function of excitation
laser wavelength normalized to laser pulse energy.
B.3. Computational Details. To generate candidate

structures, we started with molecular dynamics (MD)
simulations on the leucine-enkephalin anion, including various
deprotonation sites, using Xleap in conjunction with the
AMBER-99 force-field as part of the AMBER7 package.43

During these simulations, we used simulated annealing with a
maximum temperature of 500 K, a minimum temperature of
300 K, and a MD time of 50 ps to produce approximately 500
structures. Subsequently, a full geometry optimization using the
AMBER force field was performed for each of these structures.
In a second step, the 500 candidates we optimized using the
semiempirical PM6 method with MOPAC.44 The 50 candidates
with the lowest PM6 energy were then sorted according to their
structure-type and the refined structures were used as starting
point for a full geometry optimization using quantum-chemical
calculations performed with the program package TURBO-
MOLE (version 6.3.1)45 using density-functional theory. The
BP86 exchange−correlation functional46,47 has been applied in
combination with the def2-TZVP basis set of Weigend et al.48

To improve the description of dispersion interaction, which is
missing in generalized-gradient approximation functionals such
as BP86, the empirical dispersion correction by Grimme49,50

(BP86+D3) has been employed in single-point calculations of
all geometries and in full geometry optimizations for
determining the conformer energies. In addition, single-point
MP2 and spin-component scaled (SCS) MP251 calculations
have been performed. For the calculation of the vibrational
infrared spectra, the program package MoViPac52,53 has been
employed. The single-point calculations of energies and
gradients for displaced structures, which are needed for the
seminumerical calculation of the second derivatives of the
molecular electronic energy, have been performed using
Turbomole 6.3.1 with BP86/def2-TZVP. As accepted standard
in IRMPD spectroscopy, the harmonic values are scaled for
comparison with experiment. The use of the free N−H stretch
modes as a benchmark results in a scaling factor of 0.987, which
is in good agreement with a recently published study on BP86
scaling factors suggesting a value of 0.989 proposed by Wilson
and co-workers.54

■ RESULTS AND DISCUSSION
Our discussion of the experimental and computational results is
organized as follows: after a mass spectrometric characterization
of deprotonated leucine-enkephalin comprising results from
MS−MS and ion mobility spectrometry experiments, we
present and discuss theoretical predictions of the possible
isomeric/conformational structures. Their respective proper-
ties, such as collision cross sections and vibrational frequencies,
are then compared to experimental data to identify structural
candidates consistent with the experimental data.

A. Mass Spectrometric Analysis. A.1. Collision-Induced
Dissociation. Figure 1 presents the collision-induced dissoci-

ation (CID) mass spectrum starting from the isolated
deprotonated leucine-enkephalin anion at a nominal excitation
amplitude of 22 V. The fragment mass spectrum is dominated
by b- and c-type fragments55,56 with some y-type fragments also
being observed with a much smaller intensity.
This directly suggests that fragments with the negative charge

residing on the N-terminus are preferentially formed, as the
sparse y-type ions give the charge on the C-terminus. A more
detailed representation of the CID experiments is shown in
Figure 2, which displays the relative fragment ion distribution as
a function of excitation strength applied to the parent anion. At
all excitation energies, the major fragment ions are b4 (m/z
423) and c2 (m/z 236). Formation of the b4 ion must involve a

Figure 1. Fragmentation mass spectrum of deprotonated [YGGFL −
H]− obtained after collision-induced dissociation with helium in the
linear quadrupole trap of a LTQ Orbitrap instrument. Assignment is
based on the mass/charge values as given in Table 1.
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proton transfer step, but from these data we cannot determine
whether the intense b4 fragment is directly formed from the
parent anion or whether it arises as a secondary fragment from
a5, i.e., [YGGFL − H − CO2]

−, by way of neutral amine loss.
The latter mechanism has been suggested recently for smaller
di- and tripeptide anions,57,58 for which intramolecular
stabilization of a C-terminal charge by hydrogen bonds is less
likely than in a pentapeptide. It is also worth noting that there is
no indication of a sequence scrambling which could follow
from the formation of a cyclic b4 structure.
Differences in the fragment intensity are observed among the

peaks b4-NH3 (m/z 406), as well as for the b3 and b2 ions with
m/z 276 and m/z 219, respectively, as their relative intensities
are strongly increased in the photodissociation spectrum (not
shown here). These differences may be attributable to the fact
that IR photoexcitation performed with multiple laser pulses
may excite fragments as well (depending on their vibrational
resonances) whereas in CID experiments it is only the
precursor anion that is resonantly energized in the RF trap.
As a more detailed analysis of the dissociation behavior and

its mechanistic implications is beyond the scope of this
publication, we note here that the major fragment channels

appear to be the same as in photofragmentation using infrared
laser excitation with minor differences in relative ion intensities.

A.2. Ion Mobility Spectrometry. The arrival time distribu-
tion (ATD) measured in the ion mobility experiments of
deprotonated leucine-enkephalin [YGGFL − H]− is shown in
Figure 3 and consists of a single feature. Fitting this data with

one symmetric Gaussian function leads to a center position
corresponding to a collision cross section (ccs) of 153.5 Å2 and
a full-width at half-maximum of 4 Å2 (2.7%), which is close to
the experimental resolution of the instrument (t/Δt = 45).5

To the best of our knowledge there is no previous account
on the ccs for this peptide anion, but we note in passing that
the corresponding value is significantly smaller than the cross
sections recently reported for the protonated cation [YGGFL +
H]+ of Ω = 162 Å2 by Clemmer et al.59 and Ω = 165 Å2 by
Ruotolo et al.,60 indicating that the anion folds more compactly
than its protonated analogue.

B. Computed Structures and Structural Refinement
by IMS.With the experimental collision cross section of the LE
anion in hand, we carried out a computational search of the
conformational landscape to identify classes of locally stable
structures. We investigated the two most acidic deprotonation
sites: the C-terminal leucine (leading to a carboxylate) and the
N-terminal tyrosine (giving rise to a phenolate). In spite of the
fact that there could be intermediate tautomeric structures, we
started with these limiting anionic structural motifs, which are
thereafter called carboxylate and phenolate structures. Within
each of these two motifs, we generated about 200 trial
structures as described above, which were subsequently
geometry optimized using PM6. Of these, the energetically
most favorable 16 phenolate and 27 carboxylate structures were
subjected to another geometry optimization using both BP86/
def2-TZVP and BP86+D3/def2-TZVP. In addition, single-
point calculations were performed for the resulting structures
using BP86-D3/def2-TZVP, MP2/def2-TZVP, and SCS-MP2/
def2-TZVP to verify the relative energies of the conformers.
The results are summarized in Table 2 for the lowest-energy
isomers, and the results for all considered isomers are given in
the Supporting Information.
Visual inspection indicates that one can form subsets of

structures based on the major type and position of hydrogen
bonds formed to stabilize the negative charge. Within these
subsets, in what follows labeled with capital letters (A, B, ...),
the conformers mainly differ in the relative orientation of the
phenyl and isopropyl side chains of the phenylalanine and the
leucine residues, respectively.

Table 1. Experimental and Calculated Monoisotopic m/z
Values and Assignment of the Fragment Ions of [YGGFL −
H]−

exp m/z
anion

stoichiometry assignment calc m/z deviation

179.081 C9H11O2N2 179.0826 −0.0016
219.076 C11H11O3N2 b2 219.0764 −0.0004
236.102 C11H14O3N3 c2 236.1029 −0.0009
276.097 C13H14O4N3 b3 276.0990 −0.0022
277.153 C15H21O3N2 y2/[FL − H]− 277.1558 −0.0028
293.123 C13H17O4N4 c3 293.1255 −0.0025
294.107 C13H16O5N3 294.1095 −0.0025
334.174 C17H24O4N3 y3/[GFL − H]− 334.1772 −0.0022
379.174 C21H23O3N4 b4-CO2 379.1766 −0.0026
391.195 C19H27O5N4 y4/[GGFL − H]− 391.1987 −0.0037
406.136 C22H20O5N3 b4-NH3 406.1397 −0.0033
423.163 C22H23O5N4 b4 423.1662 −0.0032
510.269 C27H36O5N5 a5 510.2722 −0.0032
554.257 C28H36O7N5 [YGGFL − H]− 554.2609 −0.0031

Figure 2. Semilogarithmic plot of normalized fragment ion intensities
(“breakdown curve”) from low-energy collision-induced dissociation
of [YGGFL − H]−.

Figure 3. Arrival time distribution (ATD) of leucine-enkephalin
anions. The experimental data points are fitted with a single Gaussian
function.
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The structures of these conformer families are shown in the
Supporting Information. All conformers considered for the
phenolate family form a hydrogen bond from the phenolate
oxygen to the carboxylic group (hydrogen #7 in Scheme 1, see
also Figure 4), leading to a cyclic structure. In addition, the
negative charge of the phenolate oxygen is stabilized by a
second hydrogen bond with amide hydrogen #6 in conformer
families phen-A to phen-F, and also by a third hydrogen bond
with the amide hydrogen #5 in conformer families phen-B to
phen-F. Finally, for the most stable structural motif phen-C,
there is a fourth weak hydrogen bond to the amide hydrogen
#4. The structure of phen-C is shown in Figure 4 and the
exemplary structures from the other structural families are given
in the Supporting Information. Overall, the conformers have
very similar backbone conformations, in particular in the
vicinity of the self-solvated phenolate group (Figure SI-2 in the
Supporting Information).
The lowest-energy carboxylate structures belong to three

discernible families A, B, and D. The structural motifs are
illustrated in Figure 4, alongside the lowest-energy conformer
from each of these families. In the families B and D, the
carboxylate oxygen forms ionic H-bonds to the amide hydrogen
atoms #3, #5, and #6, with varying relative bond lengths. More
specifically, the closest hydrogen bonds involve H#3 (bond
lengths of 174−180 pm) and H#5 (200−223 pm) (as
highlighted in Figure 4). All B and D structures are
characterized by very similar backbone structures. The only
difference between these two families is the configuration of the
phenol group. For the B structures, the phenol−OH group
forms a hydrogen bond to the oxygen of amide group #6,
whereas for the D structures a hydrogen bond to the oxygen for
amide group #5 is formed. The family A exhibits a different
structural motif. Here, one of the oxygen atoms in the carboxyl
group is stabilized by a hydrogen bond to the phenol−OH

group, whereas the other carboxylic oxygen atoms is involved in
a hydrogen bond to the amide hydrogen #4.
Comparing the energies of the conformers calculated with

different quantum-chemical methods (Table 2 and Supporting
Information), we notice that with BP86 the conformers within
one structural family have very similar energies. This order
changes, however, when the D3 dispersion correction is
included: though already evident in single-point calculations
for the BP structures, the effect is even more pronounced after
performing the geometry optimizations with BP86+D3. The
inclusion of dispersion also changes the relative energy order of
the isomers quite significantly. Therefore, we verified the
BP86+D3 relative energies with single-point MP2 and SCS-
MP2 calculations. Within either the phenolate or the
carboxylate structures, the energy order obtained in the
BP86+D3 geometry optimizations is mostly preserved between
methods.
Comparing the energies of the lowest-energy phenolate and

carboxylate structures, the DFT calculations give no conclusive
picture. With BP86 (without dispersion corrections), the
lowest-energy carboxylate isomer A is ca. 0.1 eV more stable
than the lowest-energy phenolate isomer phen-A1. On the
other hand, with BP86+D3, the phenolate isomer phen-C1 is
approximately 0.1 eV more stable than the lowest-energy
carboxylate isomer B1. The picture again changes if the MP2
and SCS-MP2 single-point calculations are considered. In this
case, all phenolate isomers are at least 0.2 eV higher in energy
than the lowest-energy carboxylate isomer B1. As MP2 and
SCS-MP2 should be more reliable than the DFT calculations,
we conclude that phenolate structures are energetically
unfavorable. Nevertheless, when considering only the relative
energies among the phenolate and carboxylate isomers are
considered, the BP86+D3 geometry optimizations give relative
energies that are consistent with both MP2 and SCS-MP2.

Table 2. Calculated Energies (eV) of the Most Stable Phenolate and Carboxylate Isomers of Leucine-Enkephaline Considered
Initiallya

energy

BP86 BP86+D3

geometry BP86 BP86+D3 MP3 BP86+D3 MP2 SCS-MP2

Phenolate Structures
phen-C1 0.2172 0.0219 0.3407 −0.1081 0.2041 0.2361
phen-E1 0.2251 0.0900 0.4618 −0.0414 0.3505 0.3825
phen-A −0.0139 0.0436 0.4103 0.0129 0.3578 0.3280
phen-C3 0.2159 0.1706 0.6008 0.0645 0.4163 0.3751
phen-D 0.2221 0.3092 0.6551 0.0645 0.4157 0.3729
phen-E2 0.2299 0.1311 0.4935 0.0975 0.4499 0.4222
phen-B1 0.1696 0.1258 0.5055 0.1122 0.4660 0.4813
phen-C2 0.1862 0.1171 0.5497 0.1341 0.2203 0.2449

Carboxylate Structures
B1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
B2 −0.0302 0.0546 0.0566 0.0991 0.0848 0.0424
D2 0.0687 0.1233 0.0955 0.1901 0.1435 0.1043
D1 −0.0096 0.0937 0.0743 0.2245 0.1603 0.0915
B3 −0.0640 0.0915 0.0761 0.2401 0.2196 0.1069
B4 −0.0858 0.1164 0.1019 0.2739 0.2437 0.1126
D3 0.0261 0.1413 0.1310 0.2898 0.2336 0.1469
A −0.1150 0.3391 0.3685 0.2960 0.2837 0.2282

aAll energies are given relative to the lowest-energy isomer (carboxylate B1). The structures have been obtained using geometry optimizations with
BP86/def2-TZVP and BP86+D3/def2-TZVP (indicated in the second row), and the corresponding single-point energies are provided column-wise
for the methods listed in the third row. The isomers are sorted according to their BP86+D3 energy, and all isomers within ∼0.3 eV are included. A
full list of all considered isomers is contained in the Supporting Information.
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For further interpretation concerning the possible isomeric
structures prevailing in experiment, we computed the collision
cross sections for all isomers discussed (geometry optimized
with DFT/BP86/def2-TZVP) using the projection approx-
imation employing the MOBCAL61,62 and the SIGMA63,64

program. The results are depicted in Figure 5 grouped into
phenolate and carboxylate isomers. The calculated ccs values
are shown as relative deviations (Ωcalc − Ωexp)/Ωexp from the
experimentally determined value of Ωexp = 153.5 Å2. All
structures for which this deviation from experiment is bigger
than ±4% can safely be excluded, as this is clearly beyond any
experimental and computational error. This eliminates all but
the phen-C1 and phen-C2 conformers of the phenolate
structures from being significantly present in experiment,
whereas within the carboxylate class, only the conformer
families A, B, and D are viable candidates (Figure 5).
The candidate carboxylate structures (families A, B, and D)

were further refined by generating all conformers accessible by
systematically rotating the phenyl and isopropyl side chains.
This yields 27 different conformers within each family. These
structures were optimized with BP86/def2-TZVP and
BP86+D3/def2-TZVP and in addition, single-point energies
have been calculated using MP2/def2-TZVP and SCS-MP2/
def2-TZVP. The resulting conformer energies are given in
Table 3 (for a complete list, see Supporting Information) and
these additional conformers are also included in Figure 5. As
before, we find that the inclusion of dispersion is essential for

the relative energies, but that the energy order obtained from
BP86+D3 geometry optimizations and from MP2 or SCS-MP2
single-point calculations are largely consistent. In particular, the
six lowest-energy conformers (all within ca. 0.1 eV) belong to
the B family. The most favorable conformer of family D is 0.1−
0.2 eV higher in energy than the lowest-energy conformer B1,
whereas the most favorable conformer from family A is 0.2−0.3
eV higher in energy.
For most of the low-energy conformers, the ccs is within the

experimental limits of 2.7%. However, for the D family we can
certainly distinguish between the D1/D2 structures (within ccs
limits) and D7a/D8a (outside the ccs limits). On the other
hand, family A may be disfavored on energetic grounds, though
their collision cross section is within experimental errors.
Combining the collision cross sections and the relative energies
of all conformers in the A, B, and D families, as shown in Figure
5, we conclude that a structure from the B family is most likely
to be present in the experiment. In particular for the low-energy
conformers B5b, B5a, B2, and B1b the calculated ccs closely
match the measured one.

C. Infrared Photofragmentation Spectra and Compar-
ison with Harmonic Predictions. Figure 6 summarizes the
infrared spectra of deprotonated leucine-enkephaline obtained
by the IRMPD scheme (taken at room temperature and at 140
K) and by the messenger technique (D2 tagged at 20 K) in the
X−H stretch region (X = C, N, O). The IR spectra are taken by
monitoring the sum of the b4 and c2 fragment ions (IRMPD,
Figure 6a,b) and by the parent anion after D2 loss (messenger
technique, Figure 6c). The spectra taken using the IR-MPD
scheme show a strong dependence of apparent band intensities
as a function of laser fluence (Figure 6a), indicating a strong
nonlinearity in molecular photoabsorption behavior. Although a
rigorous laser fluence dependence was not attempted in this
work, it is obvious that different vibrational bands show
different nonlinear behavior in the effective dissociation
efficiency of the ion. Empirically, this is based on the
observation that some bands do not show up at all at low
laser fluences, whereas others begin to saturate and broaden at

Figure 4. Ground state structures of the energetically most stable
conformers of the phen-C family of the phenolate anion and of the A,
B, and D structural family for the carboxylate anion. Shown as dashed
lines in the structures on the right are the most prominent hydrogen
bonds involving the charge carrying group (red arrows in the Lewis
structure on the left) and neutral hydrogen bonds (blue arrows in the
Lewis structures).

Figure 5. Calculated relative collision cross sections (based on the
projection approximation) for DFT/BP86-D3 optimized structures of
[YGGFL − H]−, given as deviation from the experimental value of
153.5 Å2, vs the relative MP2 single-point energy. The zero of energy
is taken as the energy of the lowest energy isomer (B1) found for the
carboxylate family of structures. The range of ccs considered in this
study (±4% of the experimental value) is indicated with dashed lines.
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high laser fluence. However, given the known challenges (and
shortcomings) in IR-MPD methodology the reproducibility
between spectra (upper and lower traces in Figure 6a,b,
respectively) taken at 300 and 140 K trap temperature is very
good. One recognizes a large number of bands, which are well
reproduced (in position and width for each spectrum) as well
as differences for certain bands.
We first note that, unsurprisingly, there is no observable

fundamental signal above 3450 cm−1, which would be indicative
of a free O−H stretch, either from a carboxylic group (typically
at ∼3570 cm−1) or from the phenol (typically at ∼3640 cm−1).
This excludes any isomers bearing a free O−H group (like
isomer E, see above), in accordance with the findings based on
ion mobility. The strongest feature observed in all experimental
configurations used occurs at 2950 cm−1 with a shoulder at
2930 cm−1 along with weaker bands at 2870, 2985, 3028, and
3063 cm−1. In the region above 3200 cm−1, differences between

the two spectroscopic schemes arise: the broad hump between
3200 and 3400 cm−1 in the room temperature IRMPD
spectrum collapses to a few rather strong bands at 140 K
that continue to evolve into two very strong bands at 3270 and
3330 cm−1 in the 20 K D2 predissociation spectrum. Finally,
three narrow bands at around 3400 cm−1 in the 20K D2
predissociation spectrum (3378, 3392, and 3409 cm−1) are also
evident, though broader and blue-shifted (by 5−10 cm−1) from
those found in the 140 K and room temperature IRMPD
spectra.
Because the candidate isomeric classes differ according to

their local intramolecular coupling motifs, we next turned to
their vibrational spectra because the resulting band patterns are,
in principle, a sensitive probe of the intramolecular contacts in
play. Figures 7 and 8 compare the experimental IR spectrum
with quantum-chemical predictions for four low-energy
members of the B and D family of carboxylate based structures,

Table 3. Calculated Energies (eV) and Collision Cross Sections (ccs, Å) of the Most Stable Carboxylate Isomers of Leucine-
Enkephaline in the A, B, and D Familiesa

energy

BP86 BP86+D3

geometry BP86 BP86+D3 BP86+D3 MP2 SCS-MP2 ccs

B1 0.0000 0.0000 0.0000 0.0000 0.0000 149.1
B5b −0.0762 −0.0124 0.0367 0.0035 −0.0253 153.1
B5a −0.0252 0.0381 0.0764 0.0682 0.0362 154.3
B5c 0.0161 0.0523 0.0860 0.0937 0.0700 151.3
B2 −0.0302 0.0566 0.0991 0.0848 0.0424 153.9
B1b 0.0682 0.0822 0.1076 0.1045 0.0820 153.3
B1c 0.1797 0.1767 0.1413 0.1729 0.1722 149.5
D2 0.0687 0.0955 0.1901 0.1435 0.1043 154.6
B2b 0.0574 0.1494 0.1914 0.1746 0.1297 153.6
B2c 0.0961 0.1580 0.1971 0.1901 0.1526 152.4
B6b −0.1248 0.0465 0.1976 0.1642 0.0532 160.6
D8a −0.1687 0.0404 0.2241 0.1958 0.0968 169.7
B9b −0.0394 0.1099 0.2244 0.1870 0.1088 160.0
D1 −0.0096 0.0743 0.2245 0.1603 0.0915 157.9
B6a −0.0652 0.0958 0.2303 0.2207 0.1113 161.7
D8b −0.1515 0.0644 0.2312 0.2196 0.1184 169.0
B6c −0.0232 0.1143 0.2388 0.2301 0.1310 160.5
B3 −0.0640 0.0761 0.2401 0.2196 0.1069 160.8
D7a −0.1938 0.0398 0.2512 0.2057 0.0721 169.6
B7a 0.0218 0.1482 0.2518 0.2240 0.1527 157.5
D2b 0.1176 0.1867 0.2609 0.2127 0.1568 161.8
B9a 0.0069 0.1592 0.2629 0.2408 0.1619 160.5
D8c −0.0423 0.1271 0.2677 0.2791 0.1909 164.1
B9c 0.0459 0.1683 0.2710 0.2435 0.1738 155.9
B4 −0.0858 0.1019 0.2739 0.2437 0.1126 164.4
D1a 0.0441 0.1214 0.2740 0.2323 0.1571 164.2
B8a 0.0010 0.1645 0.2769 0.2373 0.1546 160.4
B3b −0.0303 0.1174 0.2837 0.2533 0.1359 162.3
A1b −0.1197 0.3368 0.2870 0.2746 0.2185 151.9
A2a −0.0558 0.3031 0.2896 0.2880 0.2611 149.7
D3 0.0260 0.1310 0.2898 0.2336 0.1469 157.7
D9b −0.1925 0.0723 0.2918 0.2712 0.1313 170.0
D1c 0.0843 0.1414 0.2936 0.2646 0.1916 162.9
A −0.1153 0.3683 0.2962 0.2831 0.2271 153.0
B7b 0.0471 0.1901 0.2986 0.2574 0.1809 158.6

aAll energies are given relative to the lowest-energy isomer (carboxylate B1). The structures have been obtained using geometry optimizations with
BP86/def2-TZVP and BP86+D3/def2-TZVP (indicated in the first row), and single-point energies have been calculated with different methods as
indicated in the second row. The isomers are sorted according to their BP86+D3 energy, and all isomers within 0.3 eV are included. A full list of all
isomers in the A, B, and D families of the carboxylate is contained in the Supporting Information.
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respectively. The calculated vibrational spectra of additional
low-energy conformers are shown in the Supporting
Information. The vibrational modes with highest oscillator
strength (labeled on the basis of the numbering of Scheme 1)
are indicative of localized N−H or O−H stretch vibrations,
which are engaged in a hydrogen bond. As outlined above, the
negative charge on the carboxylate group is stabilized to various
degrees by H bonds to the peptide NHx groups (with x = 3, 4,
and 5), which in turn enhances the fundamentals of the latter in
the IR spectrum.
Within a given family there are substantial shifts in frequency

of certain bands; e.g., the N−H5 band shifts by ∼50 cm−1 when
going from B2 to B5b (Figure 7). On the contrary, other modes
like the phenol O−H stretch are rather insensitive to
conformational variations (the O−H vibrations stay within
∼20 cm−1 for all B structures). Within the D family of
structures, larger shifts occur for the N−H3 band. In addition,
we note that for the conformers D7a and D8a, the positions of
the N−H5 and O−H bands are exchanged compared to the D1
and D2 conformers. This is related to a change in the
orientation of amide group 5 with respect to the backbone in
the conformers D7a and D8a. Despite this different assignment,
all calculated spectra within the D family are unfortunately
rather similar.
What seems to distinguish all members of the B versus the D

families are (i) the position of the N−H5 mode (∼3185 ± 6
cm−1 for D1/D2 vs 3288 ± 25 cm−1 for family B) and (ii) the
strength of the C−H stretch mode relative to (and due to a
mixing with) the nearby N−H3 mode predicted only for B
conformers. The latter effect can be ascribed to the structure of
the B isomers, for which the charge on the carboxylate group
comes close to the C−H bond next to the NH2 group in the
tyrosine. This leads to an interaction of the N−H3 and C−H
stretching mode with a small frequency gap between them of

Figure 6. IRMPD spectra of deprotonated leucine-enkephalin taken
(a) at room temperature at two different laser fluences (upper trace:
∼factor of 5 higher fluence), (b) at T = 140 K (upper trace: scaled by a
factor 5), and (c) IR predissociation spectrum of the D2-tagged anion
taken at T = 20 K.

Figure 7. Comparison of computed harmonic vibrational frequencies
for B family structures based on a carboxylate anion of [YGGFL −
H]− with experimental 20 K predissociation spectrum (top panel).

Figure 8. Comparison of computed harmonic vibrational frequencies
for D family structures based on a carboxylate anion of [YGGFL −
H]− with experimental 20 K predissociation spectrum (top panel).
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∼25 cm−1. As a consequence, the C−H stretching mode is
drastically increased in intensity leading to the shape of a
double peak at around 3000 cm−1.
Comparing this with experiment, one may be inclined to

favor B type isomers as the prevailing type of structures in the
gas phase on the basis of missing any IR band that could be
assigned to the N−H5 band for D type structures. Second, a
“characteristic” partially resolved double feature observed in
experiment (at 2930 and 2950 cm−1) is in accordance with
predictions for all B type isomers. Thus, the observed
vibrational spectra support the assignment obtained on the
basis of the ion mobility measurements and the calculated
relative energies and would require further site-selective isotope
incorporation for confirmation.65,66 Future work may therefore
include the spectroscopic investigation of peptide ions from
15N-labeled amino acids which has been shown to lead to a
discernible shift of 6−8 cm−1, e.g., for small molecular anions
under IR-MPD conditions.37

■ CONCLUSION
A combination of several mass-spectrometry based experimen-
tal techniques in conjunction with ab initio computations have
been applied to elucidate the structure of deprotonated leucine-
enkephalin anion [YGGFL − H]−. These include determi-
nation of the collision-induced dissociation pathways, the
absolute collision cross section (using ion mobility), and
vibrational spectra. Analysis of these properties with density
functional theory indicates that the observed behavior is most
consistent with deprotonation at the C-terminus (i.e., to form
the carboxylate). The vibrational band pattern suggests that the
secondary structure occurs with formation of two types of
hydrogen bonds: the negative charge on the C-terminus folds
toward the NH group of the peptide bond connecting Y and G,
whereas the tyrosine OH group folds toward the CO group
on a peptide bond. The site of the latter interaction likely
occurs between either G and F (here called isomer D) or F and
L (here called isomer B). Resolution of this ambiguity should
be accessible using site-specific isotopic shifts in the vibrational
fundamentals. We conclude that the combination of mobility
and vibrational spectroscopy, aided by theoretical predictions,
will be a powerful tool for the determination of the gas-phase
structure adopted by ionic polypeptides, and note that compact
structures with charged and neutral intermolecular hydrogen
bonds are likely to be common motifs.
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